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Two series of Nickel based cathode materials, LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) and 
LiNi0.5-xMn0.5-xCo2xO2, were prepared by both spray dry method and solid state reaction. 
The effects of foreign metal ions doping (Ti, or Co) on the structure and electrochemical 
characteristics of LiNi0.5Mn0.5O2 were also systematically investigated. The influence of 
synthesis method on the electrochemical behaviors of compounds was elucidated in 
these two series. Several Ni based compounds with excellent battery performances were 
proposed. 
In chapter 2, I prepared LiNi0.5Mn0.5-xTixO2 by spray dry method and studied the 
influence of Ti introduction on the structure and electrochemical characteristics of 
LiNi0.5Mn0.5O2. A comparative study was carried out on the structural and 
electrochemical characteristics of LiNi0.5Mn0.5-xTixO2 prepared by spray dry method and 
solid state reaction. Ti doping reduces the formation of the impurity (NiO) and promotes 
the formation of Li-Ni-Mn-Ti-O system. An appropriate amount of Ti doping (0.05<x < 
0.2) in LiNi0.5Mn0.5-xTixO2 can upgrade the capacity. LiNi0.5Mn0.4Ti0.1O2 shows excellent 
cycleability with a reversible capacity of 120 mAhg-1 when it is operated at a current 
density of 0.4 mA cm-2 (about40 mA g-1) in the voltage range of 3-4.3 V at room 
temperature. Ex-situ XRD analysis suggests that the layered structure of 
 b
LiNi0.5Mn0.4Ti0.1O2 remains during electrochemical cycle in 3-4.5 V region. High Ti 
content (x > 0.3) makes the cation mixing severe and results in a phase transition from 
layered to rock-salt structure. When LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) is prepared by 
solid state reaction, impurity phase, NiO is observed in product. Moreover, a plateau 
around 4.5 V is observed in the initial charge curve of LiNi0.5Mn0.5-xTixO2 (x < 0.3). 
This plateau, however, can not be observed in LiNi0.5Mn0.5-xTixO2 (x < 0.3) prepared by 
spray dry method. I propose that this plateau is a signal of the formation of solid 
solution typed compounds because such plateau is observed for samples with impurity 
NiO. 
In chapter 3, I prepared LiNi0.5-xMn0.5-xCo2xO2 by spray dry method and studied the 
influence of Co introduction on the structure and electrochemical characteristics of 
LiNi0.5Mn0.5O2. Cobalt doping into LiNi0.5Mn0.5O2 is helpful to the formation of the 
layered structure without the cation mixing. The cell polarization and reversible 
capacity of LiNi0.5-xMn0.5-xCo2xO2 are affected by Co content and synthesis temperature. 
The cobalt doping in LiNi0.5Mn0.5O2 can not only reduce the cell polarization, but also 
increase the reversible capacity. LiNi0.5-xMn0.5-xCo2xO2 series prepared at low 
temperature (800 ºC) shows a high reversible capacity as well as an excellent cyclability 
and rate capability. After 50 cycles, LiNi0.425Mn0.425Co0.15O2 shows a reversible capacity 
 c
of about 110 mAh g-1 at the rate of 1 mA cm-2 (100 mA g-1) in 3-4.6 V at room 
temperature and more than140 mAh g-1 at the rate of 2 mA cm-2 (200 mA g-1) at 55 ˚C. 
It is observed that the discharge capacity rises up and down with cycle number in 
LiNi0.5Mn0.5-xTixO2 and LiNi0.5-xMn0.5-xCo2xO2 systems. It is assumed that this 
phenomenon is related to the variation of operation temperature.  
In chapter 4, LiNi1/3Mn1/3Co1/3O2, was prepared by spray dry method and solid state 
reaction. The difference in preparation method results in the difference in compound 
color, morphology (shape, particle size and specific surface area) and the 
electrochemical characteristics, such as the shape of first charge curve, reversible 
capacity and the rate capability. A sample prepared by the spray dry method exhibits an 
absence of 4.5 V plateau, a higher capacity retention and better rate capability than 
those of prepared by the metal acetate decomposition method. The reversible capacity 
after 35 cycles is166 mAh g-1 at 50 ˚C when a cell is cycled at a current density of 0.2 
mA cm-2 in 3-4.5 V. The operation temperature has little influence on the rate capability 
of sample prepared by the spray dry method while pronounced in the case of those 
samples prepared by the metal acetate decomposition method. The difference in the 
electrochemical behaviors of LiNi1/3Mn1/3Co1/3O2 would be related to the derivation in 
their chemical composition. 
 d
In chapter 5, Li1+xNi0.5Ti0.5O2+δ with x = 0, 0.22, and 0.5 respectively, were 
prepared by the spray dry method. The structure of the compound depends mainly on 
the Li content and the annealing condition. Li1.0Ni0.5Ti0.5O2 and Li1.22Ni0.5Ti0.5O2+δ have 
a rock-salt like structure while Li1.5Ni0.5Ti0.5O2+δ have a layered structure with severe 
cation mixing. Their electrochemical behaviors are pronounced dependent on the 
operation temperature. Their discharge capacities increase as the operation temperature 
increases. For example, the reversible capacity of Li1.0Ni0.5Ti0.5O2 is 150 mAh g-1 when 
it is cycled at 50 ºC, three times as that at room temperature (50 mAh g-1). Ex-situ XRD 
analysis reveals that Li insertion/ extraction is a single phase reaction. Li1.0Ni0.5Ti0.5O2 
and Li1.22Ni0.49Ti0.5O2+δ exhibit good cyclic performance with a reversible capacity of 
above130 mAh g-1 in the voltage range of 2.5-4.5 V at 50 ˚C. They also exhibit 
excellent rate capability at 50 ºC. 
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Chapter 1. Introduction 
1.1. Li-ion battery-- An indispensable component in portable devices  
With the entrance into 21st century, our society has changed into an information-rich 
society. All kinds of information fill our daily life up. Portable electronic devices, such 
as digital camera, camcorder, laptops, PDA, and cellular phone, have been widely 
applied as information-propagating carriers. As customers, we hope them smaller, 
lighter, and cheaper. However, it is another story for designers since a key component 
should be considered before they start their works. That is the battery. As a matter of 
fact, the weight and size of these high-tech devices are tightly related to the battery 
performances. Opening the product pamphlet or turning over the device, we can find 
that Li-ion batteries are often selected as a power supply for these high-tech products. 
This brings two questions. One is what is the Li-ion battery? The other is why they 
used Li-ion battery? In other words, what are the advantages of Li-ion battery over 
other rechargeable batteries?  
1.2. What is the Li-ion battery? 
Li-ion battery can also be called “Rocking Chair Batteries”, “Swing Electrode 
system” or “Shuttlecock”. Although it has many nicknames, the fundamental concept of 
their operation is same. Fig.1.1 illustrates its basic structure and working principle [1]. 
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General speaking, one Li-ion battery consists a cathode, an ion-conductive electrolyte 
and an anode separated by a separator. During the charge process, lithium ions extract 
from cathode and go into electrolyte (or electrolyte solution) while lithium ions in the 
electrolyte (or electrolyte solution) insert into anode. The charge compensation is 
fulfilled through external circuit. During the discharge process, lithium ions 












Fig.1.1. Basic structure and redox reaction of Li-ion batteries. 
Cathode: LiCoO2 Li1-xCoO2 +xLi+ +xe 
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1.3. Advantages of Li-ion Battery over other secondary batteries 
Secondary batteries are better choice for portable devices since the influence they 
imposed on the environment is slighter than that of primary batteries. Generally, 
secondary batteries can be categorized to several types, such as: conventional Lead-acid, 
Ni-Cd, Ni-MH, and Li-ion type. 
z Lead-acid 
Lead –acid secondary has a long history of about 150 years and is often used in 
automobiles for the engine ignition. Its low energy density and the toxicity of Pb make 
it unsuitable for portable devices. 
z Nickel Cadmium (Ni-Cd) 
Nickel Cadmium (Ni-Cd) batteries were the standard technology for years, but 
today they are out of date and seldom be used in high-tech portable devices. They are 
heavy and very prone to suffer from what's called the “Memory Effect”. “Memory 
Effect” means that if a battery is repeatedly only partially discharged before recharging, 
the battery will forget that it can further discharge. The memory effect is caused by 
crystallization of the battery’s substances and can permanently reduce the battery's 
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lifetime, even make it useless. To avoid it, the battery should be completely discharged 
and then fully recharged again at least once every few weeks. Another drawback of this 
battery is that it contains cadmium, a toxic material, and should always be recycled or 
properly disposed. 
z Nickel Metal Hydride (Ni-MH) 
Nickel Metal Hydride (Ni-MH) batteries are the cadmium-free alternative to Ni-Cd. 
They are less affected by the memory effect than Ni-Cd and thus require less 
maintenance and conditioning. However, they have problems at very high or low room 
temperatures. And even though they use less hazardous materials (i.e., they do not 
contain poisonous heavy metals), they cannot be fully recycled yet.  
z Merits of Li-ion battery 
Compared with those above-mentioned batteries, Li-ion secondary battery has the 
following advantages  
i. High energy density.  
Fig. 1.2 illustrated the specific energy densities (per weight and per volume) of 
several secondary batteries [2]. Li-based batteries (Li metal battery, Li-ion battery and 
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Lithium polymer battery (including plastic Li-ion battery) show higher specific energy 
density per weight and specific energy density per volume than others. This means that 
the same size (or weight) of a Li-based battery delivers at least 2 times electric power 








Fig. 1.2. Specific energy densities (per weight and per volume) of several secondary 
batteries. 
ii. High working voltage of 3.6V, which is three times higher than Ni-Cd and 
Ni-MH cells.  
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iii. Longer charge-discharge cycle life.  
iv. No memory effects, meaning we can recharge it whenever we want.  
v. Only 10% per month of self-discharge since there is no chemical reaction 
occurring between the electrolyte and the electrode.  
vi. Mild discharge characteristics enabling accurate detection of the battery 
life.  
1.4. Brief history of Li-ion battery 
The development of Li-ion battery is on the basis of the utilization of metal lithium. It 
is well known that metal lithium is the lightest of all metals (specific gravity: 0.534 
g/cm3; atomic weight: 6.94) with the most electropositive potential (-3.04 vs. standard 
hydrogen electrode). It is obvious that using metal lithium as an anode for a battery can 
obtain higher energy density than other anodes. However, metal lithium is easy to react 
with water and emit hydrogen gas. Therefore the common aqueous electrolyte solutions 
cannot be used with metal lithium. In 1958, W. Harris [3] published his thesis mainly on 
the study of propylene carbonate and its electrolyte solutions and this work made it 
possible to select metal lithium as an anode. Nevertheless, it was not until the early 
1970’s when the first primary lithium batteries became commercially available [4].  
Attempts to develop rechargeable lithium batteries have been carried out in following 
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years. In 1976, M. S. Wittingham et al. [5] reported the prototype Li secondary battery 
using TiS2 as cathode material, but soon encountered safety problems. In-situ SEM 
studied have observed the dendrite growth of Li metal occurring in the charge-discharge 
process [6], as illustrated in Fig. 1.3. It is the uneven growth of Li metal that 
deteriorates the Li/separator interface and probably punctures the separator, thereby 
results in the short circuit, which caused cell extremely dangerous and unreliable and 
led to explosion hazards. 
                         
Fig. 1.3. The growth of dendrites on the surface of Li electrode. 
Because of the inherent instability of lithium metal, especially during charging, 
research shifted to an alloy electrode that part of lithium was substituted by other metals. 
Although the growth of dendrite lithium has successfully been suppressed in Li-Al alloy 
[7], the severe volume change resulted in a short cycle life. In the early of 1980’s, the 
concept of “Rocking Chair” was proposed [8] and demonstrated by some groups [9-11]. 
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However, in the cell configuration, cathode materials with a high redox potential are 
required in order to compensate the loss in cell potential at anode compared to lithium 
metal. In 1980, J. B. Goodenough et al. [12] addressed that LiCoO2 could be used as a 
high-potential cathode materials for Lithium secondary battery. In 1990, the Sony 
Corporation commercialized the first Li-ion battery [13]. Today, the Li-ion is the fastest 
growing and most promising battery. Some milestone works were listed as fellows: 
 1958 Harris organic electrolyte. 
 1973 Ikeda Li metal primary battery (MnO2). 
 1976 Whittingham Li metal secondary battery (TiS2). 
 1980 Goodenough LiCoO2 as cathode material. 
 1989 Mohri pyrolytic carbon as anode materials [14]. 
 1991 Sony Corporation commercialized Li-ion Battery. 
1.5. Design Criteria for electrode materials [15] 
As a high performance Li-ion battery, high specific energy density (related to both 
average working voltage and reversible capacity) and long cyclic life (related to the 
stability of structure and electrode-electrolyte interface) are simultaneous required. 
Therefore, some aspects should be considered in the design of new electrode materials 
for lithium rechargeable batteries. In general, structural and chemical stabilities, safety, 
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and the availability of a redox couple at a suitable energy are the primary considerations. 
Ideally, an electrode material should simultaneously match such conditions listed as 
below: 
¾ An open structure that permit reversible lithium migration.  
In brief, the working principle of lithium rechargeable battery is the reversible 
migration of lithium between cathode and anode accompanied by a redox process, 
whose reversibility is prerequisite to Li secondary battery. Thus, the structure of the 
compound should be open for the accommodated lithium ions. In other words, these 
lithium ions should be reversibly mobile rather than tightly bonded.  
¾ Stability of electrode and electrolyte. 
This is the requirement of a long cycle life. On one hand, the lithium 
insertion/extraction reaction has a topotactic character and both insertion and extraction 
of guest lithium ions into and from host compound should not ideally modify the host 
from a structural point of view. On the other hand, the oxidation of electrolyte should be 
avoided when the electrode is in charged state. 
¾ A high specific energy density.  
The specific energy density (per gram or per unit volume) is related to both the 
working voltage and the reversible capacity. The former depends on the potential, at 
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which the redox process occurs, and the latter is restricted by the reversible lithium 
intercalation amount. In order to obtain a high specific energy density, the available 
redox pair should locates in a suitable energy and the structure of material should be 
stable over a large solid solution range.  
¾ High electrode conductivities.  
The lithium insertion/extraction involves both lithium ions diffusion in the lattice 
and charge transfer process. Thus, electrode conductivities include both bulk lithium ion 
conductivity and electronic conductivity. High electrode conductivities are helpful to 
reduce the inner resistance and obtain an excellent rate capability. Beside this, low 
interfacial resistance for both ionic and electronic transport is necessary to reduce the 
polarization of battery. 
¾ A low cost and environment benign. 
The cost of battery and the potential influence on environment should be always 
kept in mind in new battery design. It is one of the future challenges to develop cheap 
and non-hazard electrode materials with excellent battery performances. 
1.6. Cathode materials for the next generation of Li-ion batteries. 
Fig.1.4 shows the average working voltage and capacities for various electrodes [2]. 
Compounds with a working voltage of above 3 V can be used as cathode materials. 
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They include lithium transition metal oxides, such as LiCoO2, LiMn2O4, LiNiO2, 
LiMnO2 and their derivatives, and polyanionic compounds, for example LiFePO4. 
Compounds are suitable as anode materials if their working voltage is below 1.5 V, such 
as metal lithium, composite alloys and carbon materials. 
1.6.1 LiCoO2 
As far as cathode materials are concerned, LiCoO2 is the state-of-the-are material in 
present commercial Li-ion battery. It was first proposed by G. B. Goodenough et al [12]. 
Layered LiCoO2 has a trigonal crystal lattice with R3
-
m symmetry (space group: 166), 
and can be denoted to O3 structure (the alkali cation Li+ is located in octahedral (O) 
sites and the unit cell consists of three layers of CoO2 sheets [16]), as same as 
α–NaFeO2 structure. A schematic of its layered structure is shown in Fig. 1.5. Oxygen 
atoms form a hexagonal lattice in ABCABC stacking with alternating layers of Li and 
Co atoms occupying the octahedral sites between them. Its hexagonal lattice parameters 
are a = 2.82 Å and c = 14.06 Å [17]. Its working voltage is about 4 V and its theoretical 
capacity for complete Li removal is ca. 274 mAh g-1. Nevertheless, its practical capacity 
is only 140 mAh g-1, roughly half of its theoretical capacity. In order to obtain more 
capacity, cell should be charged to high voltage of above 4.2 V. However, results of 
ex-situ XRD and in-situ XRD studies revealed that LiCoO2 undergoes a series of phase 
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transformations upon Li removal [18-20]. The phase transition between hexagonal and 
monoclinic occurred at 4.2 V induces the anisotropic change in lattice (2% expansion 
alone c direction), thereby results in the occurrence of strains in crystal. Since oxides 
can only tolerates elastic strain of about 0.1% before fracture [21]. The large change in 
volume eventually causes the extended defects (micro cracks) between and within 










Fig. 1.4. Voltage vs. capacity of some electrode materials. 
Metal oxides coating on the surface of LiCoO2 particles, such as Al2O3, ZrO2, SnO2, 
MgO, SiO2, B2O3 and TiO2 [23-31], is one of the methods to improve its cycleability at 
Decheng Li       Doctoral Thesis          Saga University 
 13
high voltage, although its mechanism is still unclear.  
Recently, J. R. Dahn et al. [32] have reported that the rapid capacity fading at 4.5 V 
was caused by side reactions involving species on the surface of LiCoO2 and 
LiPF6-based electrolyte. These detrimental chemical species can apparently be removed 
by a heat-treatment to 550°C. 
Substitution of foreign ions, such as Li [33-35], Mg [36,37], Al [38-43], B [44], Rh 
[45], Fe [46-48], Ni [49-56], Cr [57], or Mn [58,59], for Co in LiCoO2 has been 
extensively studied. The effect of metal substituents on LiCoO2 electrochemical 
behavior is complex and dependent on the properties of substituents. If the foreign 
metal ions are electrochemically inert, such as Al, Mg, their substitution results in the 
increase in Li de-intercalation voltage while the introduction of Ni, Fe, Cr, or Mn 
decreases the Li de-intercalation voltage. Ceder et al. [38, 60-62] have predicted this 
behavior by first principle calculation. Moreover, small amounts of metal ion doping 
can suppress the phase transition from hexagonal to monoclinic in Li1-xCoO2 occurring 
at x = 0.5. Only Ni can form a solid solution with Co in the whole composition range, 
LiNi1-xCoxO2 (0 ≤ x ≤ 1) while there is a maximum concentration for other dopants. 
Another drawback of LiCoO2 is its high cost and toxicity. Since the cost and toxicity 
of Ni, Mn, Fe, and Ti are lower than that of Co, compounds based on these elements are 
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Fig. 1.5. The layered structure of LiCoO2. 
1.6.2. LiNiO2 
LiNiO2 is of great interest as a candidate for Li-ion battery application since it is 
cheaper than LiCoO2. It is a member of LiMO2 (M= Sc,Ti, V, Cr, Fe, Co, Ni) family of 
oxides, whose structure is same as LiCoO2 .Its working voltage is 3.75 V, slight lower 
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about 160 mAh g-1, higher than that of LiCoO2. The reaction mechanism is already 
known to be a topotactic reaction consisting of three single-phase reactions for 0 ≤ x ≤ 
0.75 in Li1-xNiO2 (a rhombohedral phase for 0 < x < 0.25, a monoclinic phase for 0.25 < 
x < 0.55, and a rhombohedral phase for 0.55 < x < 0.75) and a two-phase reaction in 
0.75 < x < 1 [63-65].  
Its main problem is its difficulty of preparing it in a reproduced way. This compound 
shows structural and compositional varieties depending on their synthesis conditions. 
Fig. 6 illustrates the relationship for LiNiO2 and related compounds [66]. The high 
synthesis temperature results in Li loss, thereby the presence of divalence nickel ions. 
The extra nickel ions are located in Li sites, hindering the smooth migration of lithium 
ions during electrochemical cycling and resulting in poor battery performances [67]. 
The substitution of Co [68-71], Mn [72,73], or Fe [74-76] for Ni in LiNiO2 can improve 
its 2D layer character and enhance it cyclic performance. 
Another problem is its thermal stability in the charge state. LiNiO2 is stable in air 
even when it is heated to high temperature with an organic electrolyte solution. 
However, LixNiO2 is metastable and liberate oxygen gas when they are heated in air or 
in inert gas [77]. The introduction of Al [78-80], Mg [81], Ti [82], Cu, [83], or Mg/Ti 
[84] into LiNiO2 can enhance its thermal stability. 














Fig. 1.6. The relationship between LiNiO2 and its related compounds. 
1.6.3. The Li-Mn-O compounds 
Li-Mn-O compounds are cheap and safer than LiNiO2 and suitable for Li-ion battery. 
There are large numbers of Li-Mn-O compounds in natural world and two of them are 



















synthesis (600-850 ºC) 
Intercalation De-intercalation 
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LiMn2O4 is a member of AB2O4 family of oxides and its structure is spinel. This 
structure consists of an face-centered cubic (fcc) oxygen packing in which Mn ions 
occupy the octahedrally coordinated 16d sites while Li ions are located in tetrahedral 8a 
sites of the Fd3
-
m space group, as represented in Fig. 7 [85]. The octahedral 16c sites 








Fig. 1.7. Sructure of the spinel lattice showing the 8a, 16d, and 16c sites.  
LiMn2O4 prepared by solid state reaction may contain intermediate compounds 
likeLi2MnO3, LiMnO2 and Mn2O3 since the mixing of starting material is not 
homogeneous. M. Yoshio et al. [86-88] developed an excellent preparation method 
named “melt-impregnation”, by which they prepared pure LiMn2O4 phase with 
excellent battery performances.  
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The structural and electrochemical characteristics of LiMn2O4 have been extensively 
investigated [89-95]. In general, there are two voltage regions in its cycling curve. One 
is in 4 V range (LixMn2O4, 0 < x ≤ 1), corresponding to the insertion of lithium ions into 
8a sites. The other is in 3 V (LixMn2O4, 1 ≤ x ≤ 2), causing a coordinative displacement 
of tetrahedral-site lithium ions into neighboring octahedral 16c sites, thereby forming a 
lithiated spinel phase with poor cyclic performance [96]. The theoretical capacity is 148 
mA h g-1 and 137 mAh g-1, respectively.  
The main problem of LiMn2O4 is its severe capacity fading in both room 
temperature and elevated temperature. The mechanism of capacity degradation in 
storage or cycle is not clearly identified yet and many possible sources have been 
proposed, such as the Mn dissolution into electrolyte [97], the cooperative Jahn-Teller 
effect [98], the instability of organic-based electrolyte at a high potential [99], change in 
lattice arrangement with cycling [100], site exchange between Li and Mn [101], particle 
disruption of parent particle [102], and so on. The substitution of foreign metal ions for 
part of Mn in LiMn2O4, such as Li [103], Ni [104], Co [105], Fe [106], Zn [107], Cr 
[108], Ga [85], Ti, Mg [109], Cu [110], Al [111], can improve its cyclic performance 
with the cost of decline in reversible capacity. Moreover, Fluorine [112], and sulfur 
[113] doping at the oxygen site is also effectively method to enhance its storage and 
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cyclic properties.  
Sigala et al. [114] found that the much of the reduced capacity in 4.1 V plateau in 
LiCrxMn2-xO4 re-appeared in 4.9 V plateau. This phenomenon could also be observed in 
LiMxMn2-xO4 where M is Ni [104], Fe [115], Co [116], Cu [117]. Thus, these 
compounds can be used as cathode materials for a 5 V class Li-ions batteries. Among 
them, LiNi0.5Mn1.5O4 is the most promising materials though it is difficult to prepare it 
with high purify. Many methods have been tried to get the pure product, such as sol-gel 
[104], co-precipitation [118] or carbonate composition [119]. Furthermore, many works 
have been made to elucidate the origin of 5 V plateau [120,121]. 
1.6.3.2 LiMnO2 
Beside all merits that LiMn2O4 has, LiMnO2 has another advantage over LiMn2O4. 
Its theoretical capacity is 285 mAh g-1, higher than that of LiMn2O4 at 4 V region (148 
mAh g-1) or 3 V region (137 mAh g-1). LiMnO2 also has the same crystallographic 
formula of LiMO2 as LiCoO2 and LiNiO2. Its thermodynamically stable structure, 
however, is not layered α-NaFeO2 type but orthorhombic with space group Pmmn 
(o-LiMnO2). Fig. 8 shows its structure. This structure is an ordered rock-salt structure, 
in which LiO6 and MnO6 octahedra are each arranged in corrugated layers. Monoclinic 
LiMnO2 (m- LiMnO2, space group: C2/m) has the cation ordering of the α-NaFeO2 
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structure type, in which Li ions are located in the octahedral sites between MnO6 sheets. 
In both polymorphs of LiMnO2, the oxygen array is distorted from ideal 






One of its drawbacks is its cycling induced phase transition from orthorhombic to 
spinel [124]. Spinel phase nucleates in the material on the first charge and 
transformation to spinel is usually completed within a few charge-discharge cycles. 
Since the capacity of 3 V plateau is more predominant than that of 4 V one, it is  
expected as a 3 V class cathode material. It has been reported that its electrochemical 
characteristics were related to its particle size [125]. Thus many works have been done 
to prepare LiMnO2 with small particle size by means of soft chemistry method 
[126-128]. 
Monoclinic LiMnO2 with layered structure is usually obtained by soft chemical 
method due to metastable nature, such as ion-exchanged method [123]. The substitution 
of Al [129], Cr [130] for Mn in LiMnO2 can make the layered structure stable, 
consistent well with G. Ceder et al. prediction [131]. Nevertheless, the phase transition 
is usually be observed. Recently, Ammundsen et al. have reported that the phase 
transformation can be suppressed by Cr substitution [132]. 









Fig. 1.8. Structure of orthorhobic LiMnO2. 
1.6.4 LiFePO4 with olivine structure 
LiFePO4 is one of the most promising candidates among the large number of 
Fe-related compounds due to its high energy density (theoretical capacity: about 
170mAh g-1; working voltage: 3.5 V) [133]. It has an olivine structure, as illustrated in 
Fig. 1. 9. Olivine can be considered as a hexagonal analog of the spinel structure as it 
contains a slightly distorted hexagonally-close-packed oxygen array, in which cations 
occupy half of the octahedral sites and one eighth of the tetragonal sites. In the case of 
LiFePO4, Li
+ ions occupy chains of edge-shared octahedra running parallel to the c-axis 
in an alternate a-c planes whereas Fe2+ ions occupy zigzag chains of corner-shared 
O
Li Mn
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octahedral parallel to the c-axis in the other a-c planes. The a-c planes containing Li+ 









Fig. 1.9. Structure of olivineLiFePO4. 
 
 Low electronic conductivity has been considered as the main problem of LiFePO4 
[135]. During charge process, the extraction of lithium from LiFePO4 is accompanied 
by a direct transition to FePO4, in which Fe2+ ions are oxidized to Fe3+. Both LiFePO4 
and FePO4 are poor electronic conductors since there is no mixed-valent cations in these 
two phases, thereby caused poor electronic conductivity of LiFePO4 electrode. Thus, Li 
ions can only partially extracted / inserted at room temperature at modest rates. 
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In order to obtain high power output, many methods have been carried out to overcome 
this limitation, including carbon coating [135] or Ag coating [136], mechanical grinding 
or mixing [137], low temperature synthesis [138] and metal ions substitution [139].  
1.7. Targets of our research 
Recently, layered solid solution systems, such as LiCrO2-Li2MnO3 [140], 
LiCoO2-Li2MnO3 [141], LiNiO2-Li2MnO3 [142], LiNiO2-Li2TiO3 [143] and 
LiNi0.5Mn0.5O2-Li2TiO3 [144], are of great interest as the promising cathode material for 
Li-ion batteries due to their high reversible capacity, excellent cyclic performance and 
thermal stability. LiNi0.5Mn0.5O2, which can be considered as a compound among 
LiNiO2-Li2MnO3 system, shows comprehensively advantage over other compounds. It 
was first introduced by Spahr et al. [145] and re-proposed by Ohzuku et al. [146] and 
Dahn et al. [142], Its reversible capacity is about 200 mAh g-1 with good cycleability 
when it is operated at 4.5 –2.5 V. It also shows excellent structural and thermal stability. 
Many works have been done to investigate its structural and electrochemical behaviors, 
such as the structure evolution with electrochemical extraction of lithium [147], the 
valence of transition metal ions [148], cyclic performance and rate capability [149].  
J. B. Goodenough et al.  have reported that it has poor electronic conductivity that 
could dramatically reduce its specific capacity even at a moderate current density and 
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could be slightly improved by carbon coating [150].Foreign metal ion doping is a 
well-established method to improve the electrochemical properties of cathode materials 
[151]. However, there is no systematically investigation on the effect of metal ions 
substitution on its electrochemical characteristics, though some works have shown that 
the partial substitution of Co, Ti, or Al for both Ni and Mn in LiNi0.5Mn0.5O2 could 
improve its battery performances [152]. The reason why there is no systematically 
research on this field involves the difficulty in preparation of Li-Ni-Mn-O system by 
solid state reaction [153]. As far, Ni-Mn double hydroxide obtained by the 
co-precipitation method has often been used as the starting material. Thus, it is difficult 
to freely control the composition of product limited by the simultaneously precipitation 
of multi metal ions. 
Spray dry is a simple but powerful method to prepare cathode materials for lithium 
rechargeable battery application [74]. Its working process is illustrated in Fig. 1. 10. 
During spray drying, the starting solution is fed to a spray nozzle to form fine droplets. 
These fine droplets are spread into a heated air stream with a high velocity and rapidly 
dried. Then we can get precursor. Since it comes from solution, the mixing of metal ions 
in precursor is homogeneous. Thus we can freely control the composition of product 
without the dilemma that co-precipitation usually encountered.   











Fig. 1. 10. Diagram of the spray dry process. 
In this dissertation, transition metal ions substituted LiNi0.5Mn0.5O2 derivatives were 
prepared by both spray dry method and conventional solid state reaction. Their 
structural and electrochemical behaviors were also systematically characterized.  
In chapter 2, we prepared LiNi0.5Mn0.5-xTixO2 by spray dry method and studied the 
influence of Ti introduction on the structure and electrochemical characteristics of 
LiNi0.5Mn0.5O2. A comparative study was carried out on the structural and 
electrochemical characteristics of LiNi0.5Mn0.5-xTixO2 prepared by spray dry method and 




Dry Chamber Sample Collector 
Spray Nozzle
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In chapter 3, we prepared LiNi0.5-xMn0.5-xCo2xO2 by spray dry method and studied 
the influence of Co introduction on the structure and electrochemical characteristics of 
LiNi0.5Mn0.5O2. 
In chapter 4, LiNi1/3Mn1/3Co1/3O2, which can be considered as a compound among 
LiNi0.5-xMn0.5-xCo2xO2, was prepared by spray dry method and solid state reaction. 
Through the comparative study, I explained the difference in electrochemical feature of 
LiNi1/3Mn1/3Co1/3O2 induced by synthesis method.  
In chapter 5 Li1+xNi0.5Ti0.5O2+δ were prepared by spray dry method. Their structural 
and electrochemical behaviors were characterized. I also studied the relationship 
between compound structure and synthesis conditions as well as the temperature 
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Chapter 2  
 Preparation, Structure and Electrochemical characters of 
LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5)  
2. 1. 1. Introduction 
Many efforts have been made to develop new materials as an alternative to LiCoO2 
due to the relative high cost and toxicity of Co [1-3]. Recently, a layered LiNi0.5Mn0.5O2, 
which can be regarded as a one-to-one mixture of LiNiO2 and LiMnO2, has been 
proposed as a promising cathode material for Li-ion battery application [4]. It has many 
advantages over LiNiO2 and LiMnO2, such as its high reversible capacity, structural and 
thermal stability as well as excellent cycleability [5]. Nevertheless, J. B. Goodenough et 
al. have reported that its poor electronic conductivity could dramatically reduce its 
specific capacity even at a moderate current density [6].  
Foreign metal ion doping is a well-established method to improve the 
electrochemical properties of cathode materials [7]. The valence of Mn in 
LiNi0.5Mn0.5O2 is determined to be tetravalent by X-ray absorption spectroscopy (XAS) 
[8]. Therefore, the Ti ion can substitute for the Mn ion in LiNi0.5Mn0.5O2. However, only 
a few studies have shown the influence of metal ion doping on the structure and 
electrochemical behavior of LiNi0.5Mn0.5O2 [9-11]. This is possibly due to its difficulty 
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in the preparation of a pure phase by the conventional solid state method [4, 12]. Ni-Mn 
double hydroxide obtained by the co-precipitation method has been only used as the 
starting material. Thus, it is difficult to freely control the composition of the 
Li-Ni-Mn-Ti oxide. 
The spray dry method is a simple and powerful technique to prepare a cathode 
material [13] by which we can easily get the homogeneous precursors at an atomic level. 
In the present study, the LiNi0.5Mn0.5-xTixO2 series was prepared by this method. By 
means of this method, we managed to freely control the composition of the Li-Ni-Mn-Ti 
oxide and obtained a high purity product. The structural and electrochemical 
characteristics of these compounds were initially investigated. 
 2. 1. 2. Experimental 
The source materials, LiOH•H2O, Ni (CH3COO) 2•4H2O, Mn (CH3COO) 2•4H2O 
and the Ti coating solution (Tayca Co.), were dissolved in citric acid solution to obtain 
the first solution. After adjusting the pH to 6-7 with addition of 1:1 NH3 solution, the 
solution was placed in a Yamato GB32 Pulvis Mini-Spray instrument. The precursors 
obtained by first heating at 300 ˚C. After being ground and pressed into pellets, they 
were sintered at 900 ˚C for 20 h in air.  
The XRD measurement was carried out using a Rigaku Rint1000 diffractometer 
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equipped with a monochromator and Cu target tube. 
Elemental analysis of the precursor was carried out by electron probe microanalysis 
(EPMA). 
The Charge/discharge tests were carried out using the CR2032 coin-type cell, which 
consists of a cathode and lithium metal anode separated by a Celgard 2400 porous 
polypropylene film. The cathode contains a mixture of 20 mg of accurately weighted 
active materials and 13 mg of a conducting binder. The mixture was pressed onto a 
stainless screen and dried at 170 ˚C for 5 hours under vacuum. The cells were 
assembled in a glove box filled with dried argon gas. The electrolyte is 1 M LiPF6 in 
ethylene carbonate / dimethyl carbonate (EC / DMC, 1:2 in volume). 
2. 1. 3. Results and discussion 
Fig. 2.1.1 shows the morphology of LiNi0.5Mn0.3Ti0.2O2 precursor and the mapping 
of the elements, Ni, Mn and Ti. The particle shape is spherical and its sizes ranged from 
0.5 µm to 5 µm. Moreover, the EPMA mapping shows Ti, Ni and Mn homogeneous 
distributed in the precursor. 
 Fig. 2.1.2 shows the XRD patterns of LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) synthesized 
at 900 ˚C. Impurity peaks, NiO, appear beside the (101) and (110) peaks of 
LiNi0.5Mn0.5O2. However, the impurity peak disappears in the Ti-substituted sample 
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with x ≥ 0.02. This means that Ti doping promotes the formation of LiNi0.5Mn0.5-xTixO2. 
Compounds with 0.02 ≤ x ≤ 0.3 have a layered structure and all peaks can be indexed 
on the α–NaFeO2 structure (space group R3
-
m,). Since peaks shift to a lower angle as x 
increases, the unit cell would expand as x increases. Moreover, the intensity of the (003) 
and (101) peaks gradually reduce while the intensity of the (102) and (104) peaks 
increases with an increased x. When x > 0.4, the XRD pattern of the compounds with x 
≥ 0.4 is similar to that of α–LiFeO2. The layered structure transforms to the rock-salt 









Fig. 2.1.1. SEM micrograph of LiNi0.5Mn0.3Ti0.2O2 precursor  
           and the distribution of elements, Ni, Mn and Ti.  












Fig. 2.1.2. XRD patterns of LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) 
Fig. 2.1.3 shows the relation between the lattice parameters of LiNi0.5Mn0.5-xTixO2 
and x. As the lattice constant, a, linearly increases as a function of x, Ti introduction 
causes an increase in the average metal-metal intra-sheet distance and expansion of the 
lattice volume. The lattice constant, c, initially rapidly increases and then remains 
constant at 14.36 Å for x > 0.2. The trigonal distortion, c/a, initially rapidly increases 
and then gradually reduces from 4.946 for x = 0.05 to 4.918 for x > 0.4. This value is 
very close to that of ideal close cubic packing (4.90), suggesting that the metal cations 
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Fig.2.1.4 shows the intensity ratio of I003 /I104 as a function of x in 
LiNi0.5Mn0.5-xTixO2. This ratio gradually reduces in the region of 0.02 ≤ x ≤ 0.2 and 
sharply down to near 0 for x > 0.3. Since this ratio is sensitive to the cation distribution 
in the lattice [14], this result suggests that the degree of cation mixing becomes severe 
at high Ti contents.  

















Fig. 2.1.4. The peak intensity ratio of I003 / I104 as a function of x in LiNi0.5Mn0.5-xTixO2. 
The initial charge and discharge curves of the LiNi0.5Mn0.5-xTixO2 samples are 
shown in Fig. 2.1.5. The cells were operated at the rate of 0.1 mA cm-2 (ca. 10 mA g-1) 
in the voltage range of 3-4.3 V. The shape of the curves is a simple S type and the 
average discharge voltage is about 4 V for all samples. The initial charge and discharge 
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capacities increase with an increase in the Ti content for x ≤ 0.2. They are 136 / 102 
mAhg-1, 150 / 110 mAhg-1, 165 / 150 mAhg-1 and 146 / 122 mAhg-1 for x = 0.02, 0.05, 
0.1 and 0.2, respectively. It is worth noting that the smaller the cell polarization, the 
higher the discharge capacity. Since the cell polarization is tightly related to the inner 
resistance of the electrode, the increase in the discharge capacity would be due to the 
improvement in the electronic conductivity of sample. K. Amine et al. [9] also found 
that Ti substitution could not only increase the discharge capacity, but also reduce the 
area specific impedance of LiNi0.475Mn0.475Ti0.05O2 compared to LiNi0.5Mn0.5O2. 
LiNi0.5Mn0.4Ti0.1O2 shows a better electrochemical performance than 
LiNi0.5Mn0.3Ti0.2O2. This may be related to the increase in the cation mixing in 
LiNi0.5Mn0.3Ti0.2O2.  
Fig. 2.1.6 shows the cycle performance of LiNi0.5Mn0.4Ti0.1O2 at the higher current 
density of 0.4 mA cm-2 (about 40 mA g-1) in the voltage range of 3-4.3 V at room 
temperature. It shows an excellent cycleability. After 50 cycles, more than a 120 mAhg-1 
discharge capacity can be delivered. This value is larger than those reported by J. B. 
Goodenough (about 80 mAhg-1 for LiNi0.5Mn0.5O2 in 2.75-4.25 V after 50 cycles, 
current density is 0.25 mA cm-2) [6] and K. Amine [9] (about 110 mAhg-1 for 
LiNi0.5Mn0.5O2 in 2.8-4.3 V after 40 cycles, current density is 0.1 mA cm-2). The 
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coulombic efficiency (The ratio of discharge capacity to charge capacity, calculation 
starting from second cycle) is 100 ± 4%. Both the capacity and coulombic efficiency are 
corrugating with cycle number. We assume that this phenomenon is related to the 
change in operation temperature. This phenomenon has already been reported by 
Thackeray [10] and Dahn [15].  
Fig. 2.1.5. Initial charge and discharge curves of LiNi0.5Mn0.5-xTixO2 operated at the 
current density of 0.1 mA cm-2 in the voltage range of 3-4.3 V. 
 































































































Fig. 2.1.6. Cyclic performance of LiNi0.5Mn0.4Ti0.1O2 cathode.  
 
Fig. 2.1.7 shows the charge-discharge curve of LiNi0.5Mn0.4Ti0.1O2 cycled in 3-4.5 V 
at the current density of 0.1 mA cm-2 (10 mA g-1). The cell voltage rapidly increases to 
about 3.7 V and then holds at 3.7-3.8 V until the charge capacity reaches about 100 
mAh g-1. On further charging, the voltage monotonously increases to 4.5 V. Only one 
plateau can be observed in this region. The charge and discharge capacities are 190 
mAh g-1 and 170 mAh g-1, respectively. The irreversible capacity is about 20 mAh g-1. 
 


































Fig. 2.1.7. The initial charge-discharge curve of LiNi0.5Mn0.4Ti0.1O2 cycled in 3-4.5 V 
 
Fig. 2.1.8 shows the XRD patterns of charged LiNi0.5Mn0.4Ti0.1O2. When the 
electrode was charged to 4.5 V, there is no change but peaks shifting in terms of its 
XRD pattern, suggesting no phase transformation from hexagonal to monoclinic that 
usually encountered in LiNiO2 system [14]. The lattice parameters are ca. 2.84 Å for a 
and 14.40 Å for c. When the electrode was first charged to 4.5 V and then discharge to 3 
V, the layered structure remains and the lattice parameters are 2.89 Å for a and 14.33 Å 
for c, very near to those of as-prepared sample (a = 2.90 Å; c = 14.34 Å). These results 
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2. 1. 4. Conclusions 
The LiNi0.5Mn0.5-xTixO2 series with a high purity were firstly prepared by the spray 
dry method. Ti doping seems to promote the formation of LiNi0.5Mn0.5-xTixO2. However, 
as Ti content increases, the cation mixing becomes severe and the structure of 
compound gradually transforms from layered to disorder rock-salt structure.  
Appropriate amount of Ti doping can increase the capacity and reduce the cell 
polarization. LiNi0.5Mn0.4Ti0.1O2 shows excellent cyclability at the rate of 0.4 mA cm-2 
(about 40 mA g-1). After 50 cycles, more than a 120 mAhg-1 discharge capacity can be 
delivered for operation in the voltage range of 3-4.3 V at room temperature.  
The discharge capacity of LiNi0.5Mn0.4Ti0.1O2 rises up and down with cycle number, 
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A Comparative Study on The Electrochemical Characteristics 
of LiNi0.5Mn0.5-xTixO2 Prepared different methods 
2. 2. 1. Results and discussion 
Fig. 2.2.1 shows the XRD patterns of LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) synthesized 
at 900˚C. All peaks are sharp and well-defined, suggesting that compounds are 
well-crystallized. Trace amount of impurity, NiO, were found in all samples except for x 
= 0.15 and 0.5. In the case of LiNi0.5Mn0.5-xTixO2 prepared by the spray dry method, 
0.02 mol substitution of Ti for Mn is enough to ensure the formation of 
LiNi0.5Mn0.5-xTixO2 with a high purity. This difference in Ti amount results from the 
uniformity of precursors since the starting materials can be homogeneously mixed at an 
atomic level by means of the spray dry method. Moreover, compounds for 0 ≤ x ≤ 0.3 
have a layered structure and main peaks can be indexed on the α–NaFeO2 structure 
(space group R3
-
m). Since peaks shift to a lower angle as x increases, the unit cell would 
expand as x increases. Moreover, the intensity of the (003) and (101) peaks gradually 
reduce while the intensity of the (102) and (104) peaks increases with an increased x. 
When x > 0.4, the XRD pattern of the compound is similar to that of α–LiFeO2, 
suggesting the layered structure transforms to a disordered rock-salt like structure. 
These changes in terms of XRD pattern are as same as observed in those prepared by 
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Fig. 2.2.1. XRD patterns of LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) synthesized at 900˚C. 
Fig. 2.2.2 demonstrates the relation between the lattice parameters of 
LiNi0.5Mn0.5-xTixO2 and Ti content, x. The lattice parameters of LiNi0.5Mn0.5-xTixO2 
prepared by the spray dry method were also indicted as a reference. Generally, the 
lattice parameters of LiNi0.5Mn0.5-xTixO2 prepared by the new routing are smaller than 
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impurity phase in compounds prepared by solid state reaction. Nevertheless, the 
evolution trend of the lattice parameters of LiNi0.5Mn0.5-xTixO2 prepared by the new 
routing is same as that by the spray dry method. As the lattice constant, a, increases as a 
function of x, Ti introduction causes an increase in the average metal-metal intra-sheet 
distance and further enlarges the lattice volume, V. The lattice constant, c, which means 
the average metal-metal inter-sheet distance, initially rapidly increases and then remains 
constant at ca. 14.32 Å for x > 0.2. The trigonal distortion, c/a, initially rapidly increases 
and then gradually reduces from ca. 4.945 for x = 0.2 to ca. 4.912 for x = 0.5.  
Fig. 2.2.3 shows the initial charge-discharge curves of LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 
0.3) within the voltage range of 3-4.8 V at room temperature. Cells were first charge to 
4.8 V at a rate of 0.1 mA/cm2 (10 mA/g) and hold at this voltage for 3 hours (called C. 
C.-C. V. mode) then discharged at a current density of 0.1 mA/cm2 (10 mA/g). The 
initial charge and discharge capacities of samples with 0.05 ≤ x ≤ 0.15 are larger than 
those of undoped LiNi0.5Mn0.5O2, consistent well with the case of LiNi0.5Mn0.5-xTixO2 






















Fig. 2.2.2. Relation between the lattice parameters of LiNi0.5Mn0.5-xTixO2  












































































Fig. 2.2.3. Initial charge-discharge curves of LiNi0.5Mn0.5-xTixO2  
cycled at room temperature. 
   Although Ti4+ ions are inert in this cut-off voltage, it is theoretically possible that Ti 
introduction increases the charge and discharge capacities since the atomic weight of Ti 
is slight lower than that of Mn. K. Amine [1] have reported that the substitution of Ti 
increases the discharge capacity from 120 mAh/g for LiNi0.5Mn0.5O2 to 132 mAh/g for 
LiNi0.475Mn0.475M0.05O2 when cells were operated at a current density of 0.1 mA/cm2 in 
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3-4.3 V. Nevertheless, both the charge and discharge capacities decrease as x increase. 
This degradation would be related to the increase of cation mixing degree. 
It is interesting to note that there are two plateaus in all initial charge curves and 
this can be clearly observed from their cyclic voltammograms. Fig. 2.2.4 shows the 
cyclic voltammogram of LiNi0.5Mn0.35Ti0.15O2 measures at a scan rate of 0.05 mV/s. In 
first cycle, two anodic peaks are observed in the oxidation process. One is centered at ca. 
4.0 V and the other is centered at ca. 4.6 V. However, only one cathodic peak centered at 
ca. 3.8 V can be observed clearly in the reduction process. In the consecutive cycle, only 
one pair of peaks can be observed. The anodic peak centered at ca. 3.95 V and the 
cathodic peak centered at 3.7 V, slighter lower than that of in first cycle. 







Fig. 2.2.4. Cyclic voltammogram of LiNi0.5Mn0.35Ti0.15O2. 
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In order to elucidate the origin of these two plateaus, ex-situ XRD were carried out 
and the XRD patterns of LiNi0.5Mn0.4Ti0.1O2 cathode charged to different capacities 
were presented in Fig. 2.2.5. The corresponding lattice parameters were also indicted on 
the XRD profiles. When cell is charged to 150 mAh/g (about 4.4 V), the layered 
structure remains. The lattice constant a, which was calculated by the least square 
method using 8 diffraction lines, decreases from 2.893 Å for the pristine cathode to 
2.861 Å while parameter c increase from 14.27 Å to 14.40 Å. When cell is charged to 
210 mAh/g (4.8 V), there is no emergence of new peak in the XRD pattern. The lattice 
constant a is ca. 2.852 Å and the lattice constant c is ca. 14.37 Å, smaller than those 
charged to 150 mAh/g. The volume of unit cell decreases from 103.43 Å3 (pristine) to 
102.08 Å3 (charged to 150 mAh/g) and to 101.22 Å3 (charged to 210 mAh/g). This 
result implies that the plateau around 4.6 V can not be completely attributed to the 
electrolyte decomposition since Li ion de-intercalation still exists when cell was 
charged from 4.4 V to 4.8 V.  
Fig. 2.2.6 shows the initial charge-discharge curves of LiNi0.5Mn0.35Ti0.15O2 
prepared by solid state reaction and spray dry method and their differentials capacity vs. 
voltage curves were illustrated in Fig. 2.2.7. The plateau around 4.5 V existing in 
LiNi0.5Mn0.35Ti0.15O2 prepared by solid state method can not be observed in its 
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Fig. 2.2.5. XRD patterns of charged LiNi0.5Mn0.4Ti0.1O2 cathode.  
a: charged to 150 mAh/g; b: charged to 210 mAh/g. 
This result suggests that the appearing of the 4.5 V plateau seems to be related to the 
preparation method. M. Yoshio et al. [2] have reported that if one prepares the 
Li-Ni-Mn-O compounds by conventional solid state method, the formation of Li2MnO3 
is prior to that of LiNiO2, resulting in the existing of unreacted NiO in product. The 
presence of residual NiO was observed in our samples prepared by the solid state 
method, but it was not observed in those prepared by spray dry method.  These results 
strongly suggest that samples prepared by solid state reaction should be considered as 
















I 003  / I 104 =1.61 
I 003  / I 104 =1.44 
I 003  / I 104 =1.04 
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the solid state solution of a layered compound of Li-Ni-Ti-O with Li2MnO3 (such as 
LiNi0.5Mn0.5-xTixO2-Li2MnO3), whereas samples prepared by spray dry method could be 
considered as pure compounds of LiNi0.5Mn0.5-xTixO2  
   



















 Ti=0.15 by solid state 
 Ti=0.15 by spray dry
  
Fig. 2.2.6. Initial charge-discharge curves of LiNi0.5Mn0.35Ti0.15O2 
        prepared by solid state reaction and spray dry method. 
Thackeray [3] also observed the existence of a plateau around 4.5 V in 
0.95LiNi0.5Mn0.5O2 • 0.05 Li2TiO3 systems and ascribed it to the instability of the 
delithiated electrode surface induced by oxygen loss. Dahn et al. also observed an 
plateau around 4.6 V in Li[NixLi1/3-2x/3Mn2/3-x/3]O2 (or LiNiO2-Li2MnO3 solid solution 
system) [4] and ascribed it to irreversible loss of oxygen from compound.     
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Voltage / V vs. Li/Li+
 spray dry 
 solid state
 
Fig. 2.2.7. Differential capacity vs. voltage curves of LiNi0.5Mn0.35Ti0.15O2 
prepared by solid state reaction and spray dry method. 
Fig. 2.2.8 shows the discharge capacities of LiNi0.5Mn0.5-xTixO2 (0 ≤ x≤ 0.2) vs. 
cycle number. When the cells were operated at the current density of 0.1 mA/cm2 (10 
mA/g) in 3-4.8 V at room temperature, all compounds exhibit good cycleabiity. The 
reversible discharge capacity after 30 cycles is about 170, 147, 143 and 140 mAh/g for 
x = 0.05, 0.1and 0.15, 0.2, respectively. The reduction of reversible discharge capacity 
as a function of Ti content, x, is assumed to the increase of cation mixing degree. 
Moreover, the discharge capacity of all compounds is corrugating with cycle number, 
which is related to the change in temperature. This phenomenon has already been 
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Fig. 2.2.8. Discharge capacities of LiNi0.5Mn0.5-xTixO2 (0≤ x ≤ 0.2) vs. cycle number 
operated at room temperature. 
Fig. 2.2.9 shows the rate performance of LiNi0.5Mn0.4Ti0.1O2. The cell was charged 
to 4.8 V at a rate of 0.1 mA/cm2 (10 mA/g) and held at 4.8 V for 3 hours followed by 
discharged at different rates to 3 V. The discharge capacity decreases as the discharge 
current density increases. The rate capability is not very good and less than 100 mAh/g 
discharge capacity can be delivered at the discharge rate of 2 mA/cm2 (200 mA/g, about 
1 C rate). The morphology of LiNi0.4Mn0.4Ti0.1O2 is shown in Fig. 2.2.10. Compound 
has a smooth, well-shaped and particle-agglomerated morphology. The average size of 
primary particle is about 500 nm. The poor rate ability, therefore, is not related to the 
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particle size or specific surface area. It is assumed that the presence of impurity seems 
















Fig. 2.2.10. SEM photograph of LiNi0.4Mn0.4Ti0.1O2. 
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2. 2. 2. Conclusions 
.  Our results reveal that LiNi0.5Mn0.5-xTixO2 series can be prepared by this simple 
solid state method and Ti substitution for Mn did promote the formation of 
LiNi0.5Mn0.5-xTixO2. However, its chemical composition at the microscopic level is 
different from those prepared by the spray dry method. Due to the poor homogeneity of 
precursors, there are NiO impurities in these compounds. Thus these compounds should 
be considered as a solid solution rather than Ti substituted LiNi0.5Mn0.5O2 derivatives. 
These impurities probably give rise to the presence of an additional plateau around 4.5 V, 
which is the main source of the irreversible capacity in their first cycle between 3-4.8 V, 
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Chapter 3  
Preparation, Structure and Electrochemical Characteristics of 
LiNi0.5-xMn0.5-xCo2xO2 (0 ≤ x ≤ 0.167)  
 
3. 1. Introduction 
Recently, Ohzuku et al. [1] have proposed the layered LiNi0.5Mn0.5O2 as a promising 
cathode material for Li secondary batteries. It shows a reversible capacity of 150 mAh g-1 
even after 30 cycles during operation at the rate of 0.1 mA cm-2 at room temperature. 
Nevertheless, J. B. Goodenough reported that it shows poor electronic conductivity and 
dramatically reduces its specific capacity even at a moderate current density [2]. 
Foreign metal ion doping is a well-established method to improve the electrochemical 
properties of cathode materials [3]. K. Amine et al. have prepared the LiNi0.5-xMn0.5-xM2xO2 
(M = Co, Al, Ti, x = 0, 0.025) at 1000 ˚C and found that the substitution of 5 % mol Co could 
not only increase the discharge capacity of LiNi0.5Mn0.5O2, but also improve its electronic 
conductivity and thermal stability [4]. J. R. Dahn et al. [5, 6] have prepared the full range of 
solid solution LiNixCo1-2xMnxO2 at 900 ˚C by the “mixed hydroxide” method and investigated 
the structure, thermal stability and electrochemical characteristics of these compounds. In 
their research, many studies have been made to the samples with a higher Co content (higher 
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than 0.25). The electrochemical behavior of those with a lower Co content is not very clear. It 
is necessary to characterize the electrochemical behavior of the LiNi0.5-xMn0.5-xCo2xO2 with 
lower Co contents due to the cost and toxicity of Co. Moreover, their electrochemical 
investigations were carried out within the voltage range of 2.5-4.4 V. The electrochemical 
behaviors of LiNixCo1-2xMnxO2 at high cutoff voltage are unknown yet. 
The spray dry method is powerful technique to prepare a cathode material [7] by which 
we can not only easily get the homogeneous precursors at an atomic level, but also freely 
control the composition of compound, as illustrated in Chapter 2. In this section, the 
LiNi0.5-xMn0.5-xCo2xO2 (0 ≤ x ≤ 0.166) series was prepared at above 800 ˚C by this method. 
The structural and electrochemical behaviors of these compounds were initially investigated 
within the voltage range of 3- 4.6 V. 
3. 2. Experimental 
The source materials, LiCH3COO, Ni (CH3COO) 2•4H2O, Mn (CH3COO) 2•4H2O and Co 
(CH3COO) 2•4H2O, were dissolved into distilled water to obtain the first solution. The 
solution was pumped into Yamato GB32 Pulvis Mini-Spray instrument. The precursors 
obtained by first heating at 300 ˚C. After being ground and pressed into pellets, they were 
sintered at 800 – 900 ˚C for 16 hours in air.  
The XRD measurement was carried out using a Rigaku Rint1000 diffractometer equipped 
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with a monochromator and Cu target tube. 
The scan electron microscope (SEM) study of the samples was performed by JEOL 
JSM-5200 electron microscope. 
The charge/discharge tests were carried out using the CR2032 coin-type cell, which 
consists of a cathode and lithium metal anode separated by a Celgard 2400 porous 
polypropylene film. The cathode contains a mixture of 20 mg of accurately weighted active 
materials and 13 mg of the teflonized acetylene black (TAB-2) as conducting binder. The 
mixture was pressed onto a stainless screen and dried at 170 ˚C for 5 hours under vacuum. 
The cells were assembled in a glove box filled with dried argon gas. The electrolyte is 1 M 
LiPF6 in ethylene carbonate / dimethyl carbonate (EC/ DMC, 1:2 in volume). 
3. 3. Results and discussion 
Fig. 3.1 shows the XRD patterns of LiNi0.5-xMn0.5-xCo2xO2 compounds prepared at 800 ˚C. 
All peaks are sharp and well-defined, suggesting that compounds prepared at this temperature 
are well-crystallized. Trace amount of impurity, NiO, were found in the sample with x = 0.025 
and 0.05. However, the diffraction peaks of the impurity disappear in the sample with x = 
0.075 and 0.1. It is well known that it is difficult to prepare the single phase Li-Ni-Mn-O 
compounds by the conventional solid state reaction method [1, 8, 9]. Our result means that the 
Co substitution seems to promote the formation of LiNi0.5-xMn0.5-xCo2xO2. In the system of 
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x = 0.025 
x = 0.05 
x = 0.1
x = 0.075 
LiNi0.5Mn0.5-xTixO2 [see Chapter 2], we also observed that similar phenomenon. This means 
that the substitution of foreign metal ion for the Mn or Ni and Mn could promote the 








Fig. 3.1. XRD patterns of LiNi0.5-xMn0.5-xCo2xO2 (0 < x ≤ 0.1) compounds 
 
All compounds have a layered feature and peaks can be indexed based on the α–NaFeO2 
(space group R3
-
m) structure. Since all peaks shift to a higher angle as Co content, x, increases, 
the size of unit cell would shrink as x increases. Moreover, the separation between the (006) 
and (102) peaks as well as the (108) and (110) peaks becomes clear with an increased x, 
revealing that the Co substitution increases the distortion degree of the oxygen sub lattice 
alone c direction. This phenomenon has already been observed in the LiNi1-xCoxO2 system 
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Fig. 3.2 shows the relation between the lattice parameters of the LiNi0.5-xMn0.5-xCo2xO2 
and x. As parameters a, c and V decrease as x increases, the Co introduction causes a 
shrinkage along both a and c directions and reduction of the lattice volume. These results are 
well consistent with Dahn’s reported [6] where this phenomenon has been attributed to the 
smaller size of the ionic radius of Co3+ (0.545Å) than Ni2+ (0.69 Å).The trigonal distortion, 
c/a, increases from 4.93 for x = 0.025 to 4.96 for x = 0.1, well above the 4.9 for ideal close 








Fig. 3.3. The peak intensity ratio of I003 / I104 as a function  
of x in LiNi0.5-xMn0.5-xCo2xO2. 
Fig. 3.3 shows the intensity ratio of I003 /I104 as a function of x in LiNi0.5-xMn0.5-xCo2xO2. 
This ratio increases from 1.13 for x = 0.025 to 1.17 for x = 0.1. Since this ratio is sensitive to 
the cation distribution in lattice [11] and the higher this ratio, the lower the degree of the 
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cation mixing, this result suggests that the Co introduction can alleviate the cation mixing 
degree in the lattice. Dahn et al. also found that the amount of Ni in Li layer decreases as Co 
content, x, in the LiNixMnxCo1-2xO2 system [6].  
Fig. 3.4 shows the initial charge-discharge curves of LiNi0.5-xMn0.5-xCo2xO2 prepared at 
800 ºC. Cells were cycled in 3-4.6 V at the current density of 0.1 mA cm-2 (10 mA g-1). As 
cobalt content x increases, both charge and discharge capacities increase. Moreover, the cell 
polarization reduces as x increases. Since the cell polarization is tightly related to the inner 
resistance of cell, the reduction of the cell polarization is probably due to the improvement in 
electronic conductivity of compound. Amine et al. [4] have shown that the Co substitution 
could lower Area Specific Impedance (ASI) of LiNi0.5Mn0.5O2 and enhance its electronic 
conductivity. A closer inspection of the initial charge-discharge curves reveals that there is a 
plateau around 4.4 V and this plateau becomes ambiguous as x increases. In Chapter 2, we 
observed the existence of this plateau in LiNi0.5Mn0.4-xTixO2 prepared by solid state method 
and found that its origin was in fact correlated to the true chemical composition of samples. 
The existence of impurity, NiO, in the sample with x = 0.025 and 0.05 suggests that our 
samples should be considered as the solid state solution, as illustrated in chapter 2.  
Fig. 3.5 shows the initial charge-discharge curves of LiNi0.5-xMn0.5-xCo2xO2 prepared at 
900 ºC. Cells were cycled in 3-4.6 V at the current density of 0.2 mA cm-2 (20 mA g-1). All 
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cells have large polarization. However, the cell polarization reduces as Co content increases. 
Moreover, Both charge and discharge capacities increase as x increases. The plateau around 
4.4 V can be clearly observed and its capacity decreases as x increases. These phenomena are 
as same as observed in samples prepared at 800 ºC.   




















































































Fig. 3. 4. Initial charge-discharge curves of LiNi0.5-xMn0.5-xCo2xO2 prepared at 800 ºC. 
Fig. 3.6 shows the discharge capacity of LiNi0.5-xMn0.5-xCo2xO2 prepared at 800 ºC vs. 
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cycle number. All compounds have excellent cyclic performance. Cobalt doping can slight 
increases the reversible capacity of LiNi0.5Mn0.5O2, probably resulting from the improvement 
of electronic conductivity. After 20 cycles, the discharge capacities of all compounds are 
above 170 mAh g-1. It is interesting to note that the discharge capacity of all compounds rises 
up and down with cycle number.  




















Fig. 3. 5. Initial charge-discharge curves of LiNi0.5-xMn0.5-xCo2xO2 prepared at 900 ºC. 
Fig. 3.7 shows the discharge capacity of LiNi0.5-xMn0.5-xCo2xO2 prepared at 900 ºC vs. 
cycle number. Cells were cycled in 3- 4.6 V at a current density of 0.2 mA cm-2 (ca. 20 mA 
g-1) at room temperature. All compounds have excellent cyclic performance and the reversible 
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capacities of compounds increase as x increases. It is also observed that the discharge 
capacities of compounds rise up and down with cycle number. We expect it is related to the 
variation of room temperature. Moreover, the influence of operation temperature is 
pronounced for samples with low cobalt content (x ≤ 0.1). As the cobalt content increases, this 
influence declines. We assume that this temperature dependence is related to the electronic 
conductivity because cobalt doping can improve the electronic conductivity of LiNi0.5Mn0.5O2 
[4]. 
Fig. 3.6. Discharge capacity of LiNi0.5-xMn0.5-xCo2xO2 prepared at 800 ˚C  
vs. cycle number operated at room temperature. 

































Decheng Li       Doctoral Thesis          Saga University 
 80





































Fig. 3.7. Discharge capacity of LiNi0.5-xMn0.5-xCo2xO2 prepared at 800 ˚C  
vs. cycle number operated at room temperature. 






Fig. 3.8. SEM photographs of LiNi0.4Mn0.4Co0.2O2 prepared at 800 ˚C and 900 ˚C. 
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LiNi0.4Mn0.4Co0.2O2 prepared at 800 ˚C has morphology of spherical, porous, and 
particle-agglomerated for. The average size of primary particle is about 200 nm. 
LiNi0.4Mn0.4Co0.2O2 prepared at 900 ˚C has well shaped morphology with an average particle 
size of 1 µm. We assume that the large cell polarization and low reversible capacity for 
samples prepared at 900 ºC should be related to the large particle size than those prepared at 
800 ºC. We have ground samples prepared at 900 ºC for 30 min. by hand and carried out the 
electrochemical test, the cell polarization decreases and discharge capacity increases. These 
results prove our assumption.  
The charge-discharge curves of the LiNi0.5-xMn0.5-xCo2xO2 prepared at 800 ºC as a function 
of discharge current density were shown in Fig. 3.9. The cells were charged to 4.6 V at the 
rate of 0.1 mA cm-2 and then discharged at different current densities. The discharge 
capacities decrease while the cell polarization increase when the discharge current density is 
enlarged. Nevertheless, Compound with x = 0.075 and 0.1 shows a better rate capability than 
that with x = 0.025 and 0.05. For instance, the discharge capacity for sample with x = 0.025 
reduces from 155 mAh g-1 to 62 mAh g-1 when the discharge current density increases from 
0.1 mA cm-2 (10 mA g-1, about 0.05 C) to 4 mA cm-2 ( 200 mA g-1, about 2 C), indicating that 
only 40% of initial discharge capacity can be retained. For sample with x = 0.075 and 0.1, 
about 75% of the initial discharge capacities (more than135 mAh g-1) can be retained when 
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the discharge current density increases from 0.05 C to 2 C. Moreover, LiNi0.425Mn0.425Co0.15O2 
and LiNi0.4Mn0.4Co0.2O2 show a lower cell polarization than LiNi0.475Mn0.475Co0.05O2 and 
LiNi0.45Mn0.45Co0.1O2 at every current density. These results suggest that the substitution of 
Co for both Ni and Mn greatly enhances the rate capability. It is assumed that the 
enhancement of rate capability results from both the enhancement of electronic conductivity 












Fig. 3.9. Charge-discharge curves of LiNi0.5-xMn0.5-xCo2xO2 series  
discharged at different current densities.  
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Fig. 3.10 shows the cycle performance of LiNi0.425Mn0.425Co0.15O2 operated at the 
different cycle conditions. Though unstable capacity does not allow us to judge the capacity 
fading precisely, it seems no capacity fading during 50 cycles. It shows a reversible discharge 
capacity of more than 140 mAh g-1 for operation at the rate of 4 mA cm-2 (200 mA g-1, about 1 
C) at 55 ˚C. Moreover, there are two common features for LiNi0.425Mn0.425Co0.15O2 electrode 
when it was operated under different conditions. One is that the electrode required several 
cycles (3-4 cycles) before a stable electrochemical performance was achieved. The other is 
that the discharge capacity is corrugated with cycle number, which is related to the change in 
temperature and has already been reported by Thackeray [12] and Dahn [13]. Nevertheless, 
LiNi0.425Mn0.425Co0.15O2 electrode shows some different electrochemical behaviors when it 
was cycled at different current densities. For operation at the rate of 0.1 mA cm-2 (10 mA g-1, 
about 0.05 C) in the voltage range of 3-4.6 V, the discharge capacity gradually increases in the 
first four cycles and then remains constant at about 180 mAh g-1. However, the discharge 
capacity initially decreases and then reaches a constant value when it was cycled at a high 
current density. The electrode cycled at a high current density is easier to be affected by 
temperature than that at a low current density. Thackeray [12] had observed the existence of 
“conditioning cycles” in the LiNi0.5Mn0.5O2 and 0.95LiNi0.5Mn0.5O2 • 0.05Li2TiO3 electrodes 
and ascribed it to the instability of the delithiated electrode surface induced by oxygen loss. In 
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our case, we believe that our samples should be considered as solid solution system between 
layered Li-Ni-Co-Mn-O and Li2MnO3. When they are charged to high voltage (above 4.4 V), 
irreversible loss of oxygen from compound occurs during the initial charge, as same as the 
case in Li[NixLi1/3-2x/3Mn2/3-x/3]O2 (or LiNiO2-Li2MnO3 solid solution system) [14]. Thus these 










Fig. 3.10. Cyclic performance of LiNi0.425Mn0.425Co0.15O2 



































 0.05C Room Temp.
 0.5C  Room Temp.
 1C    Room Temp.
 1C    55 oC
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3. 4. Conclusions 
The LiNi0.5-xMn0.5-xCo2xO2 (0 ≤ x ≤ 0.1) series was prepared at 800 –900 ˚C by the spray 
dry method. The structural and electrochemical characteristics of these compounds were also 
studied. The cobalt substitution seems to promote the formation of LiNi0.5-xMn0.5-xCo2xO2. In 
addition, the cobalt introduction in LiNi0.5Mn0.5O2 can not only reduce the cell polarization, 
but also increase the reversible capacity.  
The cell polarization and reversible capacity seems to be affected by particle size. The 
LiNi0.5-xMn0.5-xCo2xO2 series prepared at 800 ˚C shows an excellent cyclability and rate ability. 
After 50 cycles, LiNi0.425Mn0.425Co0.15O2 shows a reversible capacity of about 110 mAh g-1 at 
the rate of 1 mA cm-2 (100 mA g-1) in 3-4.6 V at room temperature and more than 140 mAh 
g-1 at the rate of 2 mA cm-2 (200 mA g-1) at 55 ˚C. 
The electrochemical behaviors of LiNi0.5-xMn0.5-xCo2xO2 series are pronounced affected by 
the discharge rate. At a low discharge current density, the discharge capacity gradually 
increases in the initial several cycles and then remains a constant value. The influence of the 
operation temperature is slightly. In the case of a large discharge rate, the discharge capacity 
rapidly declines in the initial several cycles and then rises up and down with the operation 
temperature change, suggesting the influence of the operation temperature is remarkable.  
 
Decheng Li       Doctoral Thesis          Saga University 
 86
References 
[1] T. Ohzuku, and Y. Makimura, Chem. Lett., (2001) 744. 
[2] B. L. Cushing, and J. B. Goodenough, Solid State Sciences, 4 (2002) 1487. 
[3] R. Koksbang, J. Barker, H. Shi, and M. Y. Saïdi, Solid State Ionics, 84 (1996) 1. 
[4] S. -H. Kang, J. Kim, M. E. Stoll, D. Abraham, Y. K. Sun, and K. Amine, J. Power Sources, 
112 (2002) 41. 
[5] Z. Lu, D. D. MacNeil, and J. R. Dahn, Electrochem. Solid-State Lett., 4 (2001) A200. 
[6] D. D. MacNeil, Z. Lu, and J. R. Dahn, J. Electrochem. Soc., 149 (2002) A1332. 
[7] J. N. Reimers, E. Rossen, C. D. Jones, and J. R. Dahn, Solid State Ionics, 61 (1993) 335. 
[8] E. Rossen, C. D. W. Jones, and J. R. Dahn, Solid State Ionics, 57 (1992) 311. 
[9] K. Amine, H. Tukamoto, H. Yasuda, and Y. Fujita, J. Electrochem. Soc., 143 (1996) 1607. 
[10] J. Cho, G. Kim, and H. S. Lim, J. Electrochem. Soc., 146 (1999) 3571. 
[11] J. N. Reimers, E. Rossen, C. D. Jones, and J. R. Dahn, Solid State Ionics, 67 (1990) 123. 
[12] J.-S. Kim, C. S. Johnson, and M. M. Thackeray, Electrochem. Commun., 4 (2002) 205. 
[13] Z. Lu, D. D. MacNeil, and J. R. Dahn, Electrochem. Solid-State Lett., 4 (2001) A191. 
[14] Z. Lu, and J. R. Dahn, J. Electrochem. Soc., 149 (2002) A815. 
 
 
Decheng Li       Doctoral Thesis          Saga University 
 
 87
Chapter 4  
Influence of Synthesis Method on the Electrochemical 
Performance of LiNi1/3Mn1/3Co1/3O2 
 
4. 1. Introduction 
    As mentioned in Chapter 3, cobalt doping can not only promote the formation of 
LiNi0.5-xMn0.5-xCo2xO2, but also enhance the electronic conductivity and the thermal 
stability. LiNi1/3Mn1/3Co1/3O2, which can be considered as a compound in 
LiNi0.5-xMn0.5-xCo2xO2 system, was first proposed by Ohzuku et al. [1]. It has a layered 
structure (a = 2.862 Å; c = 14.227 Å). They initially prepared it by solid state reaction 
method [1] and re-prepared by mixed hydroxide method [2]. LiNi1/3Mn1/3Co1/3O2 
prepared by mixed hydroxide method has a reversible capacity of above 200 mAh g-1 
within the voltage range of 2.5-4.6 V. In addition, it has excellent rate capability and 
good thermal stability [2]. Chowdari et al. also prepared it at 1000 ˚C by mixed 
hydroxide method and reported that the predominant oxidation states of Ni, Co, and Mn 
in the compound were 2+, 3+, and 4+, respectively [3].  However, a closer inspection 
of their results reveals some contradictory information on the electrochemical behaviors 
such as the shape of initial charge curve, reversible capacity and cyclic performance. 
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This would imply that the electrochemical characteristics of LiNi1/3Mn1/3Co1/3O2 are 
prone to be affected by preparation condition. In order to improve its electrochemical 
performance, it is necessary to study the influence of preparation method on the 
structural and electrochemical characteristics of LiNi1/3Mn1/3Co1/3O2 and clarify the 
essential reason of the difference. 
  The metal acetate decomposition is one of solid-state reaction methods by which one 
can prepare cathode materials for Li-ion batteries [4]. Since the low melting point of 
metal acetate, their mixtures would transform to a fluid state when they were exposed to 
their eutectic temperature. One can, therefore, easily get a well-mixed precursor. The 
spray dry method is another simple and powerful technique to prepare cathode materials 
[5] by which we can easily get the homogeneous precursors at an atomic level. In the 
present work, LiNi1/3Mn1/3Co1/3O2 samples were prepared by both the metal acetate 
decomposition method and the spray dry method. Their structural, morphological and 
electrochemical behaviors were also characterized. 
 
4. 2. Experimental 
  Preparation by the metal acetate decomposition method – Mixtures of 
stoichiometrical LiCH3COO•2H2O, Ni (CH3COO) 2•4H2O, Mn (CH3COO) 2•4H2O, Co 
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(CH3COO) 2•4H2O were thoroughly ground and heated at 400 ˚C to obtain the 
precursors. Precursor was heated at 900 ˚C for 20 hours in air (sample A). Precursor was 
initially ball-milled for 1 hour and then heated at 900 ˚C for 20 hours in air (sample B). 
The color of sample A and B is black. 
  Preparation by the spray dry method – LiNO3, Ni (CH3COO) 2•4H2O, Mn 
(CH3COO) 2•4H2O and Co (CH3COO) 2•4H2O, were dissolved into distilled water to 
obtain a homogeneous solution. The solution was pumped into Yamato GB32 Pulvis 
Mini-Spray instrument. Obtained precursor was first heating at 300 ˚C. After being 
ground and pressed into pellets, it was sintered at 900 ˚C for 20 hours in air (sample C). 
Its color is brown, which is difference from those of samples A and B. 
The XRD measurement was carried out using a Rigaku Rint1000 diffractometer 
equipped with a monochromator and Cu target tube. 
The scanning electron microscope (SEM) study of the samples was performed by 
JEOL JSM-5200 electron microscope. 
The specific surface area for each sample was analyzed by the Brunauer, Emmett, and 
Teller (BET) method using Micromeritics Gemini2375 in which a N2 gas adsorption 
was employed. Each sample was heated to 200 ˚C for 20 min to remove adsorbed water 
before measurement. 
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The charge/discharge tests were carried out using the CR2032 coin-type cell, which 
consists of a cathode and lithium metal anode separated by a Celgard 2400 porous 
polypropylene film. The cathode contains a mixture of 20 mg of accurately weighted 
active materials and 13 mg of the teflonized acetylene black (TAB-2) as conducting 
binder. The mixture was pressed onto a stainless screen and dried at 170 ˚C for 5 hours 
under vacuum. Sheet electrodes were prepared by mixing 2 g active materials, 0.25 g 
LB-300H, and 0.25 g polyvinylidene fluoride (PVDF) in n-methylpyrrolidinone (NMP). 
The mixed slurry was spread uniformly on a thin aluminum foil using notch bar 
spreader. The dried sheet was punched into 1.6 cm diam disks. A typical electrode disk 
incorporated about 10 mg of active material. The cells were assembled in a glove box 
filled with dried argon gas. The electrolyte is 1 M LiPF6 in ethylene carbonate / 
dimethyl carbonate (EC/ DMC, 1:2 by volume). 
Cyclic Voltammetry study was carried out by means of tri-electrode cell, using metal 
lithium as counter and reference electrodes and 1 M LiPF6 in ethylene carbonate / 
dimethyl carbonate (EC/ DMC, 1:2 by volume). Cell was operated at a scan rate of 0.5 
mV s-1 in the voltage range of 3 – 4.8 V.  
4. 3. Results and discussion 
  Fig. 4.1 shows the XRD patterns of three LiNi1/3Mn1/3Co1/3O2 samples. All peaks are 
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sharp and well-defined, suggesting that compounds are well crystallized. All peaks of 
samples B and C can be indexed on the α-NaFeO2 structure (space group: R3
-
m) while a 










Fig. 4.1. XRD patterns of LiNi1/3Mn1/3Co1/3O2 prepared by solid state method 
(Sample A and B) and by spray dry method (sample C). 
The lattice parameters of sample A, B, and C were calculated by a least squares 
method using 10 diffraction lines and summarized in Table 4.1. Our samples have a 
smaller unit cell volume V and a larger triangle distortion, c/a, compared to those 
reported by Ohzuku [1, 2] and Chowdari [3]. Since the intensity ratio I003/I104 is 
sensitive to the degree of cation mixing in lattice [6], good electrochemical performance 
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can be expected for our samples due to the larger intensity ratio of I003/I104 than 
Chowdari’ reported [3]. Moreover, the lattice parameters of sample C are larger than 
those of sample A and sample B and closed to Ohzuku’s results. [2]. The gradual change 
in lattice parameters from A to C implies that sample B is intermediate state between 
sample A and C.  
Table 4.1 Lattice parameters of LiNi1/3Mn1/3Co1/3O2 prepared by different methods.  
 
Sample          a (Å)        c (Å)       c/a         V (Å3)        I003/I104 
A               2.852       14.208     4.981       100.09         1.25 
B               2.854       14.203     4.976       100.21         1.08  
C               2.855       14.217     4.979       100.36         1.0 
Reference 1       2.867       14.246     4.969       101.4          -- 
Reference 2       2.862       14.227     4.971       100.6          -- 
Reference 3       2.864       14.233     4.969       101.1          0.8 
 
The initial charge-discharge curves of sample A, B and C were given in Fig. 4.2. 
Cells were operated at a current density of 0.2 mA cm-2 (20 mA g-1) in the voltage range 
of 3-4.5 V. Sample C shows a higher charge discharge capacities and lower irreversible 
capacity than those of sample A and B. The initial charge/discharge capacities at room 
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temperature are 176/155 mAh g-1, 203/181 mAh g-1, and 208/195 mAh g-1 for sample A, 
B, and C, respectively. The irreversible capacities are 21 mAh g-1, 22 mAh g-1, and 13 
mAh g-1, respectively. Moreover, the electrode composed of sample C shows a lower 
polarization and irreversible capacity than those of sample A and sample B. It is 
interesting to note that there is slight difference among sample A, B, and C in the shape 
of the charge curve. An obvious plateau at about 4.5 V can be observed in the initial 
charge curve of sample A, whereas this plateau is absent in the initial charge curve of 
sample C. In the case of sample B, this plateau can be clearly distinguished when cell is 
operated at 50 ˚C. 
  Fig. 4.3 shows the first charge curves of sample B and sample C operated at 50 ˚C. 
For both of samples, the cell voltage rapidly increases to about 3.7 V and then holds at 
3.7-3.8 V until the charge capacity reaches about 90 mAh g-1. Ohzuku et al. [7] reported 
that oxidation of Ni2+ to Ni3+ occurred in this region. On further charging, however, the 
voltage monotonously increases to 4.5 V in the case of sample C while in the case of 
sample B, it increases at first to 4.4 V almost linearly, and then gradually climbs up to 
4.5 V, accompanied a narrow plateau around 4.5 V. This derivation could also be 
observed if one carefully compared the results of Ohzuku [1, 2] with the results of 
Chowdari [3]. In Ohzuku’s works, the shape of initial charge curve is similar to that of 
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sample C and the plateau around 4.5 V can not be observed. In Chowdari’s work, the 
shape of initial charge curve is similar to that of sample A and the plateau around 4.5 V 
can be clearly distinguished. 
  



























Fig. 4.2. Initial charge and discharge curves of sample A, B, and C. 
The differential capacity vs. voltage curves of sample B and C operated at 50 ˚C were 
given in Fig. 4.4. Two peaks were observed in case of sample B during the first charge. 
One is broad and centered at 3.75 V. The other is small and centered at 4.5 V. This small 
peak is difficult to be distinguished in the following cycle. As the case of sample C, only 
a sharp peak accompanied by a small shoulder was observed at 3.75 V during the first 
cycle. In the second cycle, this shoulder peaks emerges into the sharp peak, forming a 
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broad peak centered at 3.75 V. The origin of this phenomenon is still unclear. Since it is 
likely to be closely related to the preparation method, we think that its origin is in fact 
correlated to the true chemical composition of sample. The presence of residual NiO in 
sample A strongly suggests that they should be considered as a solid state solution of a 
layered compound of Li-Ni-Mn-Co-O with Li2MnO3, such as 
LiNi0.5-xMn0.5-xCo2xO2-Li2MnO3 since the plateau around 4.5 V was usually observed in 
the solid state solution of LiNi0.5Mn0.5O2-Li2MnO3 (Li [NixLi1/3-2x/3Mn2/3-x/3] O2)[8] and 
LiCoO2-LiMn2O3 [9]. 

























Fig. 4.3. First charge curves of sample B and C operated at 50 ˚C. 















Fig. 4.4. Differential capacity vs. voltage curves of sample B and C operated at 50 ˚C 
Fig. 4.5 shows the ex-situ XRD patterns of sample C charged up to different 
capacities. During the charge process, all peaks can also be indexed on the α-NaFeO2 
structure. Upon the Li ions removal, the (003) and the (006) peaks continuously shift to 
lower angles while the (101) and the (110) peaks shift to high angles, suggesting that Li 
ions extraction results in the lattice shrinkage along a, b direction and expansion along c 
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direction. These results suggest the layered structure is remained in the range of x ≤ 
0.78 in Li1-xNi1/3Mn1/3Co1/3O2 and there is no phase transition between hexagonal and 
monoclinic, usually observed in LiCoO2 [10] and LiNiO2 [6]. When electrode was 
charged to 211 mAh g-1, the (107) and the (108) peaks shifts to a high value while the 
(110) peak shifts to a low value. These results suggest that c axis contracts while a axis 
expands. The broad (107) and (108) peaks imply the existence of strain or defect in 
lattice caused by Li de-intercalation. 









Fig. 4.5. XRD patterns of charged LiNi1/3Mn1/3Ti1/3O2 
composite cathode fabricated with sample C. 
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Fig. 4.6. Relation between the change in lattice parameters of sample C and x in 
Li1-xNi1/3Mn1/3Co1/3O2. 
Fig. 4.6 illustrates the relation between the change in lattice parameters of sample C 
and the x, in Li1-xNi1/3Mn1/3Co1/3O2. During the charge process, the lattice parameter, a, 
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which is related to the average metal-metal intra-slab distance, monotonously reduces at 
x ≤ 0.6 and keeps a constant value of ca. 2.82 Å at 0.6 ≤ x ≤ 0.78 while the lattice 
parameter, c, which is correlated to the average metal-metal inter-slab distance, 
increases as x increases until x reaches the value of about 0.6. This evolution trend is 
commonly observed in layered oxides and can be explained by the decreased ionic 
radius of oxidized transition metals (Ni, Mn, and/or Co) and the enhancement of 
electrostatic repulsive force between oxygen ions of two adjacent slabs. Further removal 
of Li gives rise to the decrease in parameter c. The unit cell volume, V, however, 
linearly reduces from 101 Å3 for x = 0 to 99 Å3 for x = 0.78 (about 2 % change in 
volume), which is mainly caused by the shrinkage in a axis. This small change in unit 
cell volume may give rise to excellent electrochemical performances for our samples. 
Fig. 4.7 shows the Pseudo Open Circuit Voltage (p-OCV) curves of sample A, B and 
C. Cells were charged (or discharge) for 2 h at a constant current density of 0.1 mA cm-2 
(10 mA h g-1) and rest at that voltage for 3 h each time. The shape of p-OCV for these 
three samples is similar to the shape of their initial charge-discharge. The increase in the 
value of p-OCV for sample A and B is faster than that of sample C. As for sample A and 
B, the shape of their charge curve is different from that of their discharge curve, 
implying that some change occurs after the first charge process. The curve shape of 
Decheng Li       Doctoral Thesis          Saga University 
 
 100
sample C remains the same after the first charge process. It should be pointed that since  
all cells were operated at a constant current density for a constant time in the voltage 
range of 3- 4.5 V, the capacity intermittence should be constant for all cells (in my case, 
this capacity intermittence is 20 mAh g-1). However, the capacity intermittence is not a 
constant any more in the cases of sample A and B when the charge voltage approaches 
to 4.5 V. For instance, the charge capacity increases from 160 mAh g-1 (the 
corresponding p-OCV value is 4.36 V) to 171 mAh g-1 (4.4 V) and to 177 mAh g-1 (4.42 
V) in the case of sample A. The capacity intermittence is 11 mAh g-1 and 6 mAh g-1, 
respectively. In the case of sample B, the capacity increases from 180 mAh g-1 (4.35 V) 
to 193 mAh g-1 (4.41V). The capacity intermittence is 13 mAh g-1. In the case of sample 
C, the capacity intermittence remains 20 mAh g-1 in both charge and discharge states. 
These results imply composite electrodes containing sample A or B show a larger 
over-potential than sample C when they were charged to high voltage (4.5 V). 
Fig. 4.8 shows the rate capabilities of sample B and sample C operated at room 
temperature and 50 ˚C. Cells were at first charged to 4.5 V at a current density of 0.2 
mA cm-2 (20 mA g-1) and hold at 4.5 V for 3 h (called C.C-C.V mode) then discharged 
to 3 V at different current densities. The discharge capacity of sample C decreases from 
183 mAh g-1 at a rate of about 0.1 C (20 mA g-1) to 168 mAh g-1 at a rate of about 1.8 C 
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(320 mA g-1) when cells are operated at room temperature. The capacity loss is 15 mAh 
g-1 (about 8 % of the discharge capacity at 0.1 C). When cells are cycled at 50 ˚C, the 
discharge capacities are 196 mAh g-1 (0.1 C) and 186 mAh g-1 (1.8 C), respectively. 
About 95 % of the discharge capacity at the rate of 0.1 C is available. As for sample B, 
the decrease in discharge capacity resulting from the increased discharge current rate is 
29 mAh g-1 (about 20 % of the discharge capacity at 0.1 C) at room temperature while 
14 mAh g-1 (about 8 % of the discharge capacity at 0.1 C) at 50 ˚C. Our results suggest 
that the rate capability of sample C is slighted influenced by operation temperature 
whereas the rate capability of sample B is strongly correlated to operation temperature. 



























Fig. 4.7.  Pseudo open circuit voltage curves of sample A, B and C. 
 














Fig. 4.8. Rate capabilities of sample B and sample C 
operated at room temperature and 50 ˚C. 
Fig. 4.9 shows the morphologies of sample B and sample C. Sample B has a 
well-shaped, smooth of crystals with sharp edges morphology. The particle size ranges 
from 0.5 µm to 2 µm. Its specific surface area is ca. 1.9 m2 g-1. The morphology of 
sample C is particle-agglomerated, crumbling. The primary particle size is about 0.1 µm. 
Its specific surface area is ca. 3.4 m2 g-1, nearly twice as large as that of sample B. Since 
excellent rate capability have been addressed in Ohzuku’s results [16], where the charge 
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plateau peak around 4.5 V was no observed in the first cycle, we herein believe that the 
excellent rate capability of sample C should be related to the absence of impurity (NiO) 
as well as the smaller particle size with a larger specific surface area. 











Fig. 4.9. SEM photographs of sample B and sample C. 
Fig. 4.10 shows the cyclic performances of sample A, B, and C cycled at 50 ˚C. 
Cells were at first charged to 4.5 V at a current density of 0.2 mA cm-2 (20 mA g-1) and 
hold at 4.5 V for 3 h (called C.C-C.V mode) then discharged to 3 V at a current density 
Sample C
Sample B
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of 0.2 mA cm-2 (20 mA g-1). All samples have excellent cyclic performance. The 
reversible capacity after 35 cycles is 126 mAh g-1 (81 % of the first discharge capacity), 
154 mAh g-1 (85 % of the first discharge capacity), and 166 mAh g-1 (85 % of the first 










Fig. 4.10. Cyclic performances of sample A, B, and C cycled at 50 ˚C. 
Fig. 4.11 shows the initial charge-discharge curves of sample B and C operated in 
the range of 1.0-5.1 V. Cells were tested using sheet electrodes at charge current density 
of 0.2 mA cm-2 (40 mA g-1). The discharge current density is 0.05 mA cm-2 (10 mAh g-1). 
Cell contained sample B composite electrode shows larger polarization than that 
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contained sample C. The initial charge capacities of sample B and sample C are 270 
mAh g-1  and 250 mAh g-1 , respectively. When they are discharged to 1.2 V, their 
discharge capacities are 213 mAh g-1 and 242 mAh g-1, respectively. This result 
indicates that all extracted lithium can be re-inserted for sample C, whereas part of 
lithium can not be re-inserted even though the cell was discharged as low as 1.2 V. A 
plateau around 1.2 V is observed in the discharge curves of both samples. Thacheray et 
al. have observed a plateau around 1.2 V in the discharge curve of (1-x)Li2TiO3 · 
xLiMn0.5Ni0.5O2 and ascribed it to Mn2+/ Mn4+ rodox couple. 



























Fig. 4.11.  Initial charge-discharge curves of sample B and C 
operated in the range of 1.0-5.1 V. 
Fig. 4.12 shows the cyclic voltammograms (CV) of sample B and sample C. Two 
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distinct redox processes are observed in CV curves of both samples. In the case of 
sample C, a sharp and intense peak is observed at 4.1 V and a broad and weak peak 
appears at 4.65 V in the first anodic scan curve. In the first cathodic scan curve, two 
peaks are observed at 4.5 V and 3.65 V. Chowdari et al. [3] have observed the existence 
of two peaks in the cyclic voltammograms of LiNi1/3Mn1/3Co1/3O2 and assigned the low 
voltage peak to Ni2+/Ni4+ redox couple and the peak around 4.5 V to the Co3+/Co4+ 
redox couple. Nevertheless, much work is need to elucidated the true origin of these two 
peaks. The anomalous shape of second cycle in CV curve of sample B should be related 
to the degradation of testing cell. 
4. 4. Conclusions 
LiNi1/3Mn1/3Co1/3O2 was prepared by both the spray dry method and the metal 
acetate decomposition method. The influences of synthesis method on the 
electrochemical behaviors of LiNi1/3Mn1/3Co1/3O2 were also characterized. The 
difference in preparation method results in the difference in compound color, 
morphology (shape, particle size and specific surface area) and the electrochemical 
characteristics, such as the shape of first charge curve, reversible capacity and the rate 
capability. A sample prepared by the spray dry method exhibits an absence of 4.5 V 
plateau, a higher capacity retention and better rate capability than those prepared by the 
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metal acetate decomposition method. The reversible capacity after 35 cycles is 166 
mAh g-1 at 50 ˚C when a cell is cycled at a current density of 0.2 mA cm-2 in 3-4.5 V. 
The operation temperature has little influence on the rate capability of sample prepared 
by the spray dry method while pronounced in the case of those samples prepared by the 
metal acetate decomposition method. Given the presence of unreacted NiO in sample A 
(also existing in B though it can not be distinguished from XRD pattern), we would 
rather regard sample A and B as solid-state solution systems (for example, a layered 
compound of Li-Ni-Mn-Co-O with Li2MnO3) than pure compound, LiNi1/3Mn1/3Co1/3O2. 
We believed that the difference in their electrochemical behaviors should be related to 
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Fig. 4.12.  Cyclic voltammograms (CV) of sample B and sample C. 
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Chapter 5  
Structure and Electrochemical characters of Li1+xNi0.5Ti0.5O2+δ 
prepared by Spray Dry Method 
 
5. 1. Introduction 
Many efforts have been made to develop new Li-based batteries as they can offer 
higher energy density and longer operation lifetimes than other rechargeable batteries 
[1]. The working principle of lithium rechargeable battery requires such electrode 
materials that allow reversible lithium insertion and extraction processes into and from 
the host compounds without the structure collapse or damage. As far, numerous 
materials with different structure types have been proposed as alternatives to LiCoO2 
due to the high cost and toxicity of cobalt, such as layered LiNiO2, olivine LiFePO4 and 
spinel LiMn2O4 [2-6]. Generally speaking, these well-published materials have a 
common feature from a structural point of view. That is the presence of an obvious path 
for lithium diffusion. It is this path that makes it easy for lithium to diffusion in the 
lattice. 
Rock salt type compounds have highly ionically bonded crystal structure, in which 
large anions are arranged in cubic close packing and all the octahedral interstitial 
Decheng Li       Doctoral Thesis          Saga University 
 
 111
positions are filled with cations, thereby no clearly path for lithium migration. Thus the 
diffusion of Lithium in lattice is generally considered to be slow. This is probably the 
reason why rock-salt type compounds had been seldom regarded as suitable electrode 
materials for lithium rechargeable batteries although many compounds have this type of 
structure.  
Recently, layered solid solution systems, such as LiCrO2-Li2MnO3 [7], 
LiCoO2-Li2MnO3 [8], LiNiO2-Li2MnO3 [9], and LiNi0.5Mn0.5O2-Li2TiO3 [10], are of 
great interest as the promising cathode material for Li-ion batteries due to their high 
reversible capacity, excellent cyclic performance and thermal stability. Beside these 
systems, our group has intensively studied the LiNiO2-Li2TiO3 system [11]. In this work, 
it is interesting to observe that Li1.5Ni0.5Ti0.5O2.5 with a rock-salt like structure exhibits 
an electrochemical rechargeability at room temperature. Several groups [12-14] have 
found that compounds with rock-salt structure could show weak rechargeable capability 
at room temperature in α-LiFeO2 obtained at low temperature and Li-Fe-Ti-O system. 
Studying on this kind of materials is not only meaningful to understand the Lithium ions 
diffusion mechanism in cathode materials, but helpful to design and prepare new 
cathode materials for Li-ion battery application.   
In this section, we have prepared three compounds, Li1+xNi0.5Ti0.5O2 with x = 0, 0.22 
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and 0.5, respectively, by the spray dry method. We found that compounds with rock-salt 
like structure have a discharge capacity of ca. 150 mAh g-1 at more than 50 ˚C. Their 
electrochemical properties are discussed in detail. 
5. 2. Experimental 
Soluble LiOH•H2O, Ni (CH3COO) 2•4H2O, and the Ti coating solution (Tayca Co.), 
were dissolved in citric acid solution to obtain the homogeneous solution. After 
adjusting the pH to 6-7 with addition of 1:1 NH3 solution, the solution was introduced 
into a Yamato GB32 Pulvis Mini-Spray instrument. The obtained precursors were 
initially heated at 470 ˚C. After being ground and pressed into pellets, they were 
sintered at above 720 ˚C in O2. The color of as-prepared samples is gray. 
XRD measurement was carried out on Rigaku Rint1000 diffractometer equipped 
with a monochromator and Cu target tube. 
The Li, Ni and Ti contents in sample were determined by Inductive Coupled Plasma 
spectroscopy (I. C. P.). 
The Charge/discharge tests were carried out using the CR2032 coin-type cell, which 
consists of a cathode and lithium metal anode separated by a Celgard 2400 porous 
polypropylene film. The cathode contains a mixture of 20 mg of accurately weighted 
active materials and 13 mg of a conducting binder. The mixture was pressed onto a 
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stainless screen and dried at 170 ˚C for 5 h under vacuum. The cells were assembled in 
a glove box filled with dried argon gas. The electrolyte is 1 M LiPF6 in ethylene 
carbonate / dimethyl carbonate (EC / DMC, 1:2 in volume). 
The pseudo open-circuit voltage (OCV) was obtained from the intermittent charge 
and discharge curves. In measuring the curves, the current was automatically switched 
on for 2 h and off for 10 h. The current density was 0.1 mA cm-2. 
5. 3. Results and discussion 
Fig. 5.1 shows the XRD patterns of the Li1+xNi0.5Ti0.5O2+δ (x = 0, 0.22, 0.5). The 
structure of the compound is dependent on Li content and annealing condition. The 
compound Li1.0Ni0.5Ti0.5O2+δ prepared at 750 ˚C for 15 h in O2 has a rock-salt like 
structure whereas the Li1.5Ni0.5Ti0.5O2+δ, which was heated at 720 ˚C for 60 h, has a 
layered structure and all peaks can be indexed on the α–NaFeO2 structure (space group 
R3
-
m). However, the low intensity ratio I003 / I104, which is sensitive to cation 
distribution in such layered structure [15], implies that there is severe cation mixing in 
its lattice. On the other hand, when the Li1.5Ni0.5Ti0.5O2+δ was heated at 750 ˚C for 15 h 
in O2, there has a very weak impurity peak at 2θ = 18˚ in its XRD pattern. IR analysis 
reveals that the nature of the impurity is Li2CO3. After being washed with distilled water 
and sintered again for another 15 h at 750 ˚C in O2, its structure changed to the 
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disordered rock salt type. Elemental analysis of the sample shows that the ratio of Li: 
Ni: Ti is 1.22: 0.49: 0.5. Therefore the formula of the sample should be written as 
Li1.22Ni0.49Ti0.5O2+δ.  
Fig. 5.2 shows the discharge curves of the Li1+xNi0.5Ti0.5O2+δ operated at room 
temperature and 50 ˚C. Cells were first charged up to 4.5 V at a current density of 0.2 
mA cm-2 and hold at this voltage for three hours then discharged down to 2.5 V. The 
discharge capacities of all compounds vary with temperature. 
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0
x = 0 .5












 Fig. 5.1. XRD patterns of Li1+xNi0.5Ti0.5O2. 
The Li1.0Ni0.5Ti0.5O2+δ has an initial discharge capacity of ca. 40 mAh g-1 at room 
temperature, which is lower than that of the Li1.5Ni0.5Ti0.5O2+δ with the layered structure 
(about 80 mAh g-1). Its initial discharge capacity, however, increases up to 158 mAh g-1 




























Decheng Li       Doctoral Thesis          Saga University 
 
 115
when cell was operated at 50 ˚C, slightly higher than that of the Li1.5Ni0.5Ti0.5O2+δ (140 
mAh g-1). This result suggests that the operation temperature has pronounced effect on 
the electrochemical behavior of compound with rock-salt like structure. It is interesting 
to note that their battery performances are as good as that with the layered structure 
once cells are operated at an elevated temperature. The average working voltage of 
Li1.0Ni0.5Ti0.5O2+δ is about 4.0 V. 
Fig. 5.3 shows the initial capacities of the Li1.22Ni0.49Ti0.5O2+δ at different 
temperature. Both charge and discharge capacities increase as temperature increases. 
The discharge capacity remarkably increases with the temperature increasing from 20 
˚C to 40 ˚C and gradually reaches a constant value of 140-150 mAh g-1, when the 
operation temperature is above 50 ˚C. The initial discharge capacities are 18 mAh g-1, 
107 mAh g-1, 125 mAh g-1, 142 mAh g-1,149 mAh g-1 at 20 ˚C, 40 ˚C, 50 ˚C, 60 ˚C, 
70˚C, respectively. Moreover, the irreversible capacity (the difference between the 
charge capacity and the discharge capacity) is roughly 80 mAh g-1 for all operation 
temperatures. 
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Fig. 5.2. Discharge curves of Li1+xNi0.5Ti0.5O2+δ operated at different temperatures 
Fig. 5.4 shows the pseudo OCV vs. capacity curve of the Li1.22Ni0.49Ti0.5O2+δ 
operated at 50 ˚C. The value of the pseudo OCV monotonously increases with the 
increase in depth-of-charge and there is no obvious plateau during the initial charge 
process. Moreover, the shape of the following discharge curve is S-type, which is 
typical for homogeneous reaction. The values of pseudo OCV in the second charge 
process are closed to those in the first discharge, lower than those in the first charge 
Room Temp.
50 ˚C
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process. These results strongly suggest that some change occurs after the first charge 
process. This phenomenon can also be observed in Li[NixLi1/3-2x/3Mn2/3-x/3]O2 system 
[16]. 






























Fig. 5.3. Initial capacities of Li1.22Ni0.49Ti0.5O2+δ vs. operated temperature 
Ex-situ XRD analysis reveals that there is no great change in XRD patterns of 
Li1.22Ni0.49Ti0.5O2+δ electrode except that peak position shifts to higher angle during the 
charge process. The lattice parameter was calculated based on cubic structure and the 
relationship between the lattice parameter, a, of Li1.22Ni0.49Ti0.5O2+δ and the 
depth-of-charge at 50 ˚C was illustrates in Fig. 5.5. With Li ions removal, it linearly 
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decreases from 4.125 Å for pristine electrode to 4.089 Å when cell was charged up to 
240mAh g-1. These results suggest that although dramatic change occurs in terms of 
pseudo OCV data, the rock-salt like structure of the compound does not change 
   













Capacity / mAh g-1
   
Fig. 5.4. Pseudo-OCV vs. capacity curve of Li1.22Ni0.49Ti0.5O2+δ operated at 50 ˚C. 
Fig. 5.6 shows the cyclic performances of the Li1.22Ni0.49Ti0.5O2+δ operated at a 
current density of 0.2 mA cm-2 in the voltage range of 2.5-4.5 V at 50 ˚C. It exhibits a 
good cyclic performance with a reversible capacity of above 130 mAh g-1. 
Fig. 5.7 illustrates the rate capability of the Li1.22Ni0.49Ti0.5O2+δ at different 
depth-in-charge operated at 50 ˚C. It is interesting to note that the rate capability is 
somewhat independent of the discharge rate at every depth-in-charge. Moreover, the 
irreversible capacity increases from 27 mAh g-1 to 74 mAh g-1 (charged up to 200 mAh 
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g-1) as the depth-in-charge increases. 
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Fig. 5.5. Relationship between the lattice parameter a of Li1.22Ni0.5Ti0.5O2+δ 
and the depth-of-charge at 50 ˚C. 
     




















    
Fig. 5.6. Cyclic performance of Li1.22Ni0.5Ti0.5O2+δ operated at 50 ˚C 
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LixNi1-yFeyO2 and ascribed it to the formation of Li>1Ni1-yFeyO2 surface layer. Although 
the structure of LixNi1-yFeyO2 is different from our sample, it is reasonable to speculate 
that the electrochemical behavior of our sample is mainly determined by the Li ions 
diffusion through the lattice due to the similar electrochemical characteristics for both 
compounds (the presence of large irreversible capacity, the sudden drop in potential and 
the plateau around 2 V). In the case of our sample, if we consider the particle of the 
active material as a spherical shape, Li concentration in the surface is higher than that in 
the core during the discharge process since the low diffusion rate. The excess Li ions in 
this surface layer would occupy the vacancy sites and thereby block the Li diffusion 
toward the core. Thus the deeper the charge is, the larger the irreversible is. 
Fig. 5.8 shows the ex-situ XRD patterns of LiNi0.5Ti0.5O2+δ electrode at different 
electrochemical operated states. The results reveals that there is no change but the shift 
of peak position in terms of XRD patterns of LiNi0.5Ti0.5O2+δ electrode during the whole 
cycle process, indicating the rock-salt structure remains in charge-discharge cycle. 
Lattice parameter of Li1-xNi0.5Ti0.5O2+δ was calculated on the basis of cubic structure 
(space group: Fm3
-
m), and the evolution of lattice parameter with capacity was shown in 
Fig. 5.9. The lattice parameter, a, linearly decreases to 4.099 Å (charged up to 200 mA h 
g-1) as Li ions removal and the shrinkage of the unit cell volume is 2.9 %.  

















Fig. 5.7. Rate capability of Li1.22Ni0.49Ti0.5O2+δ vs. the depth-of-charge at 50 ˚C 
During the discharge process, the lattice parameter, a, rapidly increases to 4.135 Å 
(discharged to 130 mA h g-1) and then gradually increases to 4.14 Å (discharged to 78 
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re-inserted into lattice. The continuous variation of lattice parameter with lithium 
moving suggests this process is a single phase reaction, consistent well with 
charge-discharge investigation. 
























Discharged to 80 mAhg-1
Discharged to 150 mAhg-1
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 Fig. 5.8. Ex-situ XRD patterns of LiNi0.5Ti0.5O2+δ electrode 
at different electrochemical operated states. 
Fig. 5.10 illustrates the cyclic performance of LiNi0.5Ti0.5O2+δ operated at different 
temperature. Cell was operated at a current density of 0.4 mA cm-2 (40 mA g-1) in the 
voltage range of 2.5-4.5 V. The reversible capacity is about 50 mAh g-1 when cell was 
cycled at room temperature and increases up to 140 mA h g-1 at 50 ºC, comparable to 
the practical capacity of LiMn2O4 (120 mA h g-1) and LiCoO2 (140 mA h g-1). Moreover, 
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The excellent cyclic performance suggests that this new material has a stable structure 
and electrode-electrolyte interface at the elevated temperature. 














Fig. 5.9. Evolution of lattice parameter of LiNi0.5Ti0.5O2 +δ vs. capacities. 
Fig. 5.11 shows the rate capability of our sample cycled at 50 ºC. Cell was charged 
at a rate of 0.2 mA cm-2 (20 mA g-1, about 0.1C) in the range of 2.5-4.5 V. As the 
discharge rate increases from 0.1 C to 2 C (4 mA cm-2 or 200 mA g-1), the discharge 
capacity decreases from 155 mA h g-1 to 125 mA h g-1, about 80 % of initial discharge 





































 Charge 50 oC




Fig. 5. 10. Cyclic performance of LiNi0.5Ti0.5O2+δ operated at different temperatures. 
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Fig. 5.11. Rate capability of LiNi0.5Ti0.5O2+δ operated at 50 ºC. 




Three compounds of Li1+xNi0.5Ti0.5O2+δ with x = 0, 0.22, and 0.5 respectively, were 
prepared by the spray dry method. The structure of the compound depends on the Li 
content and the annealing condition. Li1.0Ni0.5Ti0.5O2+δ and Li1.22Ni0.5Ti0.5O2+δ have a 
rock-salt like structure while Li1.5Ni0.5Ti0.5O2+δ have a layered structure with severe 
cation mixing. Their electrochemical behaviors are pronounced dependent on the 
operation temperature. Ex-situ XRD analysis reveals that Li insertion/ extraction in the 
lattice is a single phase reaction. Li1.0Ni0.5Ti0.5O2+δ and Li1.22Ni0.49Ti0.5O2+δ exhibit good 
cyclic performance with a reversible capacity of above 130 mAh g-1 in the voltage range 
of 2.5-4.5 V at 50 ˚C. They also exhibit excellent rate capability at 50 ºC. 
At present, our research on this system is preliminary and many works are needed 
to elucidate the valence of Ni and Ti, the redox reaction during charge-discharge cycle 
and the mechanism of Li ions immigration. Nevertheless, the excellent battery 
performances of our sample suggest that compounds with rock-salt structure are worth 
investigating as cathode materials. The further study on this kind of materials is helpful 
to design low-cost, environment benign cathode materials with high energy density. 
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Chapter 6 Conclusions 
 
By means of the spray dry method, I managed to prepare transition metal ions 
(Cobalt and Titanium) substituted LiNi0.5Mn0.5O2 series. I also systematically 
investigated the effect of foreign metal ions doping on the structure and electrochemical 
characteristics of LiNi0.5Mn0.5O2. Main conclusions are summarized as following: 
1. Foreign metal ions doping (Ti, or Co) reduces the formation of the impurity (NiO) 
and promotes the formation of Li-Ni-Mn-Me-O (Me =Ti or Co) system. Several Ni 
based cathode materials with excellent battery performances were obtained through 
the combination of metal ion doping and spray dry method. 
2. In LiNi0.5Mn0.5-xTixO2 (0 ≤ x ≤ 0.5) system, an appropriate amount of Ti doping 
(0.05<x < 0.2) in LiNi0.5Mn0.5-xTixO2 can upgrade the capacity. LiNi0.5Mn0.4Ti0.1O2 
shows excellent cycleability with a reversible capacity of 120 mAhg-1 when it is 
operated at a current density of 0.4 mA cm-2 (about40 mA g-1) in the voltage range 
of 3-4.3 V at room temperature. Ex-situ XRD analysis suggests that the layered 
structure of LiNi0.5Mn0.4Ti0.1O2 remains during electrochemical cycle in 3-4.5 V 
region. High Ti content (x > 0.3) makes the cation mixing severe and results in a 
phase transition from layered to rock-salt structure. When LiNi0.5Mn0.5-xTixO2 (0 ≤ x 
Decheng Li       Doctoral Thesis          Saga University 
 
129 
≤ 0.5) is prepared by solid state reaction, impurity phase, NiO is observed in product. 
Moreover, a plateau around 4.5 V is observed in the initial charge curve of 
LiNi0.5Mn0.5-xTixO2 (x < 0.3). This plateau, however, can not be observed in 
LiNi0.5Mn0.5-xTixO2 (x < 0.3) prepared by spray dry method. I propose that this 
plateau is a signal of the formation of solid solution typed compounds because such 
plateau is observed for samples with impurity NiO. 
3. Cobalt doping into LiNi0.5Mn0.5O2 is helpful to the formation of the layered 
structure without the cation mixing. The cell polarization and reversible capacity of 
LiNi0.5-xMn0.5-xCo2xO2 are affected by Co content and synthesis temperature. The 
cobalt doping in LiNi0.5Mn0.5O2 can not only reduce the cell polarization, but also 
increase the reversible capacity. LiNi0.5-xMn0.5-xCo2xO2 series prepared at low 
temperature (800 ºC) shows a high reversible capacity as well as an excellent 
cyclability and rate capability. After 50 cycles, LiNi0.425Mn0.425Co0.15O2 shows a 
reversible capacity of about 110 mAh g-1 at the rate of 1 mA cm-2 (100 mA g-1) in 
3-4.6 V at room temperature and more than140 mAh g-1 at the rate of 2 mA cm-2 
(200 mA g-1) at 55 ˚C. It is observed that the discharge capacity rises up and down 
with cycle number in LiNi0.5Mn0.5-xTixO2 and LiNi0.5-xMn0.5-xCo2xO2 systems. It is 
assumed that this phenomenon is related to the variation of operation temperature. 
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4. LiNi1/3Mn1/3Co1/3O2 was prepared by solid-state reaction and spray dry method. The 
difference in preparation method results in the difference in compound color, 
morphology (shape, particle size and specific surface area) and the electrochemical 
characteristics, such as the shape of first charge curve, reversible capacity and the 
rate capability. A sample prepared by the spray dry method exhibits an absence of 
4.5 V plateau, a higher capacity retention and better rate capability than those of 
prepared by the metal acetate decomposition method. The reversible capacity after 
35 cycles is166 mAh g-1 at 50 ˚C when a cell is cycled at a current density of 0.2 
mA cm-2 in 3-4.5 V. The operation temperature has little influence on the rate 
capability of sample prepared by the spray dry method while pronounced in the case 
of those samples prepared by the metal acetate decomposition method. The 
difference in the electrochemical behaviors of LiNi1/3Mn1/3Co1/3O2 would be related 
to the derivation in their chemical composition. 
5. Li1+xNi0.5Ti0.5O2+δ with x = 0, 0.22, and 0.5 respectively, were prepared by the spray 
dry method. The structure of the compound depends mainly on the Li content and 
the annealing condition. Li1.0Ni0.5Ti0.5O2 and Li1.22Ni0.5Ti0.5O2+δ have a rock-salt like 
structure while Li1.5Ni0.5Ti0.5O2+δ have a layered structure with severe cation mixing. 
Their electrochemical behaviors are pronounced dependent on the operation 
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temperature. Their discharge capacities increase as the operation temperature 
increases. For example, the reversible capacity of Li1.0Ni0.5Ti0.5O2 is 150 mAh g-1 
when it is cycled at 50 ºC, three times as that at room temperature (50 mAh g-1). 
Ex-situ XRD analysis reveals that Li insertion/ extraction is a single phase reaction. 
Li1.0Ni0.5Ti0.5O2 and Li1.22Ni0.49Ti0.5O2+δ exhibit good cyclic performance with a 
reversible capacity of above130 mAh g-1 in the voltage range of 2.5-4.5 V at 50 ˚C. 
They also exhibit excellent rate capability at 50 ºC. 
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